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INVARIANTIVE CHARACTERIZATION OF SOME LINEAR 
ASSOCIATIVE ALGEBRAS. 


By Ouive C. Hazwuert.* 


Linear associative algebras of a small number of units, with coérdinates 
in the field of ordinary complex numbers, have been completely tabulated, t 
and their multiplication tables have been reduced to very simple forms. 
But if we had before us a linear associative algebra, the chances are that 
its multiplication table would not be in such a form that we could find out 
readily to what standard form it was equivalent. And so the question 
arises, ‘‘ May we not find invariants which completely characterize these 
algebras? ”’ 

We use the term invariant here in the sense defined by Professor Dickson, 
—that is, a single-valued function (in Dirichlet’s sense) of the constants of 
multiplication which takes on the same value for two algebras of the same 
number of units (having constants of multiplication and coérdinates in 
any field Ff) if the two algebras be equivalent with respect to F,—that is, 
if there be a non-singular linear homogeneous transformationt with coef- 
ficients in F which will transform the units of one algebra into the units of 
the second algebra. The invariants J;, ---, Im are said to completely 
characterize the algebras of n units over a field F when each J; has the 
same value for two algebras only when they are equivalent. 

It turns out that, in the field C of ordinary complex numbers, under the 
general group 7’ of linear transformations, the binary and ternary linear 
associative algebras with a modulus are both completely characterized by 
the rank of the algebra and by the rank of certain homogeneous quadratics 
in the constants of multiplication and the coérdinates of the general number 
of the algebra. 

In order to find invariants in the more technical sense defined above, 
we will first find some rational functions which, in the more usual sense, 
remain invariant under any linear transformation on the units. We will 
mean by a rational invariant of the n-ary linear algebra (e1, ---, én) with 

* Holder of the Fellowship of the Boston Branch of the Association of Collegiate Alumnae. 

+ See especially B. Peirce: ‘‘Linear Associative Algebras,’’ Am. Jour. of Math., vol. 4 (1881), 
p. 97-192; G. Scheffers: ‘“Zuriickfiihrung complexer Zahlensysteme auf typische Formen,’’ 
Math. Ann., vol. 39 (1891) p. 293-390; Study: ‘‘Complexen Zahlen,”’ Gott. Nach., 1889, p. 237- 
268. 


t Hereafter in this paper, the word transformation will be used to denote a non-singular linear 
homogeneous transformation. 
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coérdinates in F and indeterminate constants of multiplication yj, 
(i,j, k= 1, «++, n), a rational function of the y’s which, when the units of 
the algebra are subjected to any linear transformation with coefficients in 
F, is merely multiplied by some power of the determinant of the transforma- 
tion. Rational covariants are defined in a similar manner. 

1. Rational Invariants of General Linear Algebras.——Both ohereecers 
istic determinants* 


6= [| Dyacti — ajo], 8 Sages — do | Gp = Ly) 


are rational covariants and thus produce invariants. For the right-hand 
determinant 6 is the determinant of the n linear homogeneous equations 


oy CY ipnki — dj; jRW)Yi = = 0 (k a ih es 2, nN), 

which are the necessary and sufficient conditions that it be possible to find 
a scalar wand anumber Y = 2,y,e; such that XY = wY.7 But a necessary 
and sufficient condition that there be a solution Y + 0 is that w be a root 
of 6 = 0. Suppose w, is such a root, or XY = wY. If the units of the 
algebra be subjected to a non-singular linear transformation (with coefficients 
in F) such that x; goes into X; and yi;, in Ti;:, the two quantities X and | 
Y are unchanged and thus w», is unchanged. But w) must be a root of 
6(X;, Ti;z) by the foregoing, and hence 6(X;, T';;) vanishes with 6(x;, yijx). 
Moreover 6 is an irreducible function of w where the constants of mul- 
tiplication are indeterminates. Suppose 6 = 6:62. No one y;:;, can occur 
in both 6; and 62; and moreover if 6 be actually reducible 6; and 6. must 
each contain y’s of the form y;;;.. Suppose yi be in 6,; then yj, and Y;ia 


cannot occur in 62 (j, k = 1, -+:, n). Similarly, if y:2 be one of the y’s 
which actually occur in 69, y;1, and y;z1 (7, k = 1, ---, m) cannot occur in 6). 
Or yj1, and yju (7 = 1, «+--+, m) cannot occur in 6; or 62, which is impossible. 


But, if a polynomial ¢ be irreducible and if a polynomial y vanish when- 
ever ¢ vanishes, then ¢ is a factor of y. Consequently, since the coefficient 
of w” is (— 1)" in 6 formed for both the original and transformed algebra, 
6 is an absolute covariant. Similarly with 6’. Furthermore, since w is an 
arbitrary variable, the coefficients of the powers of w in 6 and 6’ must separ- 
ately be absolute covariants. 

If we write 6 = Dio Cw’ and 6’ = Zi_, C,/w', then the C’s and C’’s are 
homogeneous polynomials in the coérdinates, with coefficients homogeneous 
in the y’s. Now these polynomials produce invariants of the algebra. 





* w is an arbitrary variable which may take on values in field F or in the algebra; and the 
m x;’s are the coérdinates of any number in the algebra. 
} Cartan: Annales de Toulouse, séries I, vol. 12 (1898); B. 16. 
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We will mean by a rational covariant of a covariant K of the n-ary linear 
algebras with codrdinates in the field F and undetermined y’s, a rational 
function K’ of the codrdinates and of the coefficients of K which, when the 
coordinates are subjected to a linear transformation (with coefficients in F), 
is merely multiplied by some power of the determinant of the transformation. 
If K’ do not contain the codrdinates, it will be called a rational invariant 
of K. Just as, in the invariant theory for quantics, any covariant or in- 
variant of a covariant of a quantic is itself a covariant or invariant of the 
quantic, so any covariant or invariant of a covariant of a linear algebra is 
itself a covariant or invariant of the algebra. Hence we have 

TuHEeorEeM I. The rational, wntegral invariants and covariants of the 
characteristic determinants and of the coefficients of the powers of w therein are 
respectively invariants and covariants of the n-ary linear algebras with co- 
ordinates and constants of multrplication in any field. 


2. Ternary Linear Associative Algebras with a Modulus.—We are now 
in a position, from Study’s results,* to exhibit some invariants which com- 
pletely characterize linear associative algebras of two and three units 
having a modulus.t In this article, Study separates into types all linear 
associative algebras of two, three and four units having a modulus, according 
to the rank and according to the character of the rank equation as shown 
by its number of multiple roots and their multiplicities. He takes as his 
field F the field C of all complex numbers. His results for n = 3 follow. 

ro 
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3 
S250) = IG: —w), .6 = 60' = (41 — w)*(x%3 — w), vad 


* See note 1, page 1. 

} That is, a number F having the properties of ordinary Anity. 

tr = 3 means that three is the degree of the equation of lowest degree satisfied by every 
number in the algebra; or that the rank is three. r = 2 means the rank is two. Clearly the rank 


is an invariant in the more technical sense. \ ry D i 
\ / X re td O =] | ) 

»} / a | > was : | 

‘>: | 

se / O | 

| | / My 

| V Oo 4 3 - w | is | 
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IV V 
€y €2 €3 
Ci Cy €5 €3 


€2\|€2 €1 €3 





€3|\|€3 —€3 0 


eS (x1 + % — w) (w? = 92010)“ X2"), 
= (1 mae Me am a) (a? mt PROT OD rae 1" ee: 2”), 





Since the rank of a quadratic form is invariant, and since for two algebras 
of the same rank but of different types, the rank of C; is different, we see that 

TuHEeoREM II. Jn the. field of all complex numbers the ternary linear 
associative algebras with a modulus are completely characterized by their rank 
and by the rank of the coefficient of w vn erther characteristic determinant. 





Type Rank Rank of Cy — 
I 3 3 
II 3 2 
III =) 1 
DY: 2 2 
V 2 1 




















3. General Binary Linear Associative Algebras.—The invariants which 
characterize the binary linear associative algebras with a modulus can be 
obtained in a similar manner from Study’s results for the binary algebras; 
but we can do better—by reduction from the ternary algebras with a 
modulus, we can find the invariants which characterize all binary linear 
associative algebras (with or without a modulus). 


An n-ary linear algebra (e1, ---, @n) with coordinates and constants of 
multiplication in a field F' is said to be reduced when in every number of this 
algebra we set %mi1 = °°: = 4, = 0. The system thus defined may or 


may not be closed,—i. e. the product of any two numbers in the system 
may or may not be in the system. If such products always remain in the 
system, and if the coérdinates of (e1, ---, @m) range over F’, the numbers 
are said to form a subalgebra of the original algebra. 

In particular, take the ternary linear algebras (not necessarily associ- 
ative) over a field / where e; is the modulus, and reduce by setting x3 = 0; 


* Study says that, in this case “we will choose two units beside e; = 1 such that either 


é2 = es = €; or €? = e;? = 0”; but conceivably there might be an algebra in which we could not 
do this,—where at best we could choose units such that e2? = e1, e32 = 0. Such however is readily 
shown impossible for r = 2. 
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and consider the resulting binary algebras. For convenience, two right- 
hand (or two left-hand) characteristic determinants for binary algebras 
over a field F will be said to be of the same type if the discriminants of 
their constant terms be the same except for a non-zero factor which is a 
perfect square in /’; and if, when the coefficient of w vanishes identically 
in one determinant, it does in the other also. Since the invariants which 
characterize the initial algebra necessarily characterize the sub-algebras, 
no two non-equivalent ternary linear algebras can, by this reduction, produce 
two equivalent binary algebras. Finally, since by adjoining a modulus 
to a binary algebra, we have a ternary algebra with a modulus, these are 
all the binary linear algebras. Thus the binary algebras are partially 
characterized by the type of their characteristic determinants and by any 
set of invariants which completely characterize the algebras with three 
units. But how far do these characterize them? how many non-equivalent 
binary algebras are produced by any one type of ternary algebras? 

If two subalgebras a: (€1, é2) and a’ : (€’, €2’) obtained by this reduction 
from equivalent ternary algebras are not equivalent, then one or both 
units of a’ are linearly independent of the units of a. In the second case, 
since there are only three linearly independent numbers in the original 
algebra, the units of a’ can be so transformed that we have the first case. 

Now this first case is possible only if the two algebras can be trans- 
formed such that their units are respectively of the forms (é1, e2) and 
(e;, = H — &, es) where E is the modulus of the original algebra. For H 
must be expressible as the sum of two numbers, one in a, the other in a’. 
Suppose é2’ = bye; + does, H = €1€1 + e€n€2 + €1'€1’ + €2'€o’. If in a, we set 
Ey = €1€1 + e:€2, Hy = bye, + does, the transformation is non-singular. For 
otherwise 1, would be a scalar multiple of e:’ and thence H would be in a’, 
which is impossible. Similarly, since H — E, is linearly independent of e.’, 
we can set H,’ = H — EH, and E,’ = e,’ and the algebras are in desired 
form. 

From the identity e;/e.’ = é€2: — e€1€2 we infer that e;¢. = meé2; and similar 
arguments for the other products show that the multiplication tables for 
these two algebras are of the forms 


/ / / 





a: E1 €5 a: E1 €2 
€1/€, the, me, ey’ |e; the.” (1 — mie,’ 
€2| Nes les €o’ | (1 — njey’ le,’ 


Thus there are at most two non-equivalent binary algebras produced from a 
ternary algebra by the above reduction. Moreover the right-hand char- 
acteristic determinants for these algebras are not of the same type, for they 
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are 
a: 6 = w? — wl(m + Lar + lao] + alma, + lay], 
ne § = w? — w[(2 — m)xi + la] + ail(1 — m)ay + lay]. 


Hence, by theorem I and the argument at the beginning of this section, 
we have 
THEOREMIII. The binary linear algebras over any field F are characterized 
completely by the type of their characteristic determinants and by any set of 
invariants which completely characterizes the ternary algebras with a modulus. 
The binary linear associative algebras over ate field of all real and 
complex numbers are as follows: ; 


1 II 
€1 €9 €1 €2 €1, €9 nn 7) 
€1/€1 0) €1\|€, €5 61 | e1 0 €1 | €2 0 
€2)}0 eé €2/€2 0 a On ©) é2|0 O 


6=6'=(41—w)(%2—-w), 6=8 =(41-—w)?, §6=6'=—w(%1—a), 00 oe 


ne 
— 
bs 
KH 
bo 
ee 








V VI VIl 
€; 2 Cr 62 e1 a2) 
é:|O0 ee €1/€1 € ée1|0 O 
€2|0 eg Wane 0 é2|0 O 
6 = — w(X2 — w), 6 = (1% — w)?, O80 nena 
6’ = (%2 — w)?, 6’ = — a(% — w), 


Of these, I, IV and VII are obtained by reduction from types I, III and V 
respectively in Study’s list of ternary algebras; whereas II and III are given 
by type II of these ternary algebras, and V and VI by type IV.* All 
algebras but the last are completely characterized by the type of the char- 
acteristic determinants; and thus we have 

THEOREM IV. The non-trival linear associate binary algebras are 
completely characterized by the rank of Co and Cy’, and by the identical vanishing 
or non-vanishing of Ci. 

* Peirce (loc. cit., pp. 120-122) says there are only three irreducible (or pure) linear associative 
algebras of two units and one irreducible (or mixed) algebra. The three algebras he tabulates are 
of types II, IV and VI in the above list. Cayley, I find, points out this error in ‘‘ Double Algebra,”’ 
Proceedings London Math. Soc., vol. XV (1884); Collected Works, XII, p. 60. He here gives all 


the seven: types of binary associative algebras. Like Peirce, he gets them directly and not by 
reduction. 


ON THE THEORY OF INVARIANTS OF n-LINES. 


By LEennNigE PHOEBE COPELAND. 


The invariants of plane polygons or n-lines have been studied from 
various points of view by Morley,* Leib, +t Hun, Glenn,§ Loud|| and Mac- 
Neish. §/ 

The purpose of this paper is to construct the elements of the formal theory 

-of the plane m-line, where the latter is assumed to be represented always 

by a ternary form whose coefficients are given in terms of the absolute 
minimum number of independent parameters. For a ternary form fm to 
represent an m-line this minimum number is 2m and all the coefficients of 
fsm are then rational in the parameters. 

In fact it has been shown by Glenn that if the 2m parameters be taken 
as the coefficients of doz”, diz” 1, where 


fam = Qor™ + X3Q1, 1 + +++ + 23"Qno 
and 


ig * = Ayty™ * + Ait Le. + eet 29? + ees 4 Ayn 
(4 = 0, 1B op “++ ™M), 


then the remaining coefficients of f3, are expressible as simple rational 
invariants of doz”, diz” !. In section (1) we consider seminvariantive sets 
of conditions in order that two 2-lines, or two 3-lines may be projectively 
related to a triangle, by certain apolar laws. In section (2) we study the 
theory of full invariants and complete systems of m-lines. Applications 
of this theory are given in section (3). 

The present writer wishes to thank Professor O. E. Glenn, who sug- 
gested the undertaking of this investigation, for numerous helpful sug- 
gestions and criticisms. 


* Morley, ‘“‘On the metric properties of the plane n-line,’”’ Am. Math. Soc. Trans., vol. 1; 
- “On the orthocentric properties of the plane m-line,” Am. Math. Soc. Trans., vol. 4, 5; ‘On two 
cubic curves in triangular relations,’’ London Math. Soc. Proceedings (2), 4. 

+ Leib, ‘‘On the invariants of two triangles,” Am. Math. Soc. Trans., vol. 10. 

t Hun, ‘Invariant relations of two triangles,’ Am. Math. Soc. Trans., vol. 5. 

§ Glenn, ‘On semi-discriminants of ternary forms,” Trans. of the Am. Math. Soc., vol. 12, 
pp. 367-374; “On the structure of forms and the algebraical theory of n-lines,’”’? Am. Journal of 
Mathematics, vol. 34, No. 4. 

|| Loud, “‘Sundry metric theorems concerning n-lines in a plane,’”’ Am. Math. Soc. Trans., 
vol. 1. 

{ MacNeish, ‘‘Linear polars of k-hedrons in n-space,’”’ University of Chicago Press, 1912. 
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1. Seminvariants of f3:, f33. The form of the ternary m-line quantic 
due to Glenn is 


fam ae Tan ete Se Lee esti Xy/ Xo oI DK =m IDR gehire 


a eae Ea Phat ea tA D) *R ++. ‘ 
x ye X3? 3 1) it Talia Xo" 
2 e e 








(1) = i=0 (m ei 
a Lie 
= jill (a: + 1k, — 7 ‘) 
C1 l 0-7; 
where 
8 ar 
1 = MAQ00 O10 ahs m Qo1 Odi Qom—1 Od ) 
Ay = eect + (7a ear ae ihibhes = 
2 = Maom Od m Qom—1 Oe O01 dA19 ) 
oT Lh cfr, = ORCL ere mee ee ot Oka oe 


and R, is the resultant of 22"loxs2, and 2%” 12/2,, and D the discrim- 
inant of 22"lox,/2, Consider a pair of 2-lines 
Re 


fs ad las a6 Lately ae any) X37 = Allee = 0, 


932. = Lo? Coxsa, + LolsP1i nsx, — AY = Bi2Boz = 0. 
These will intersect the sides of a given triangle, chosen as the triangle of 
reference, in harmonic ranges provided only 
Cy = 2doobo2 + 2ao2b00 — Goib01 = 0, 
(2) Cy = Zan DR.’ + 2booD’ Re + aiobioDD’ = 0, 
C3 = 2do2.DR.’ + 2byD’Re + a1161:.DD’ = 0. 


We can, by referring to (1) (m = 8), also obtain a set of necessary and 
sufficient conditions in order that two given triangles f33, gs; may cut the 
respective sides of a third triangle (chosen as the triangle of reference) in 
apolar point ranges. These are 


Cy! = 8ao0b03 — Aoibo2 + Ao2bo1 — 8a03b00 = 0, 
(3) O57 = Ban.D Rs Gil Aste Aik; — ob; een 
Gs = 8a0,DR3" aes Qi,.DA.R3' + Bil Aon: a 3b03D’R3 — 0. 


Similar sets of conditions are obtainable for the general case of two m-lines, 
directly from (1). 
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2. General Theory. Let the form f3m (see (1)) be written as follows: 


oT at (T5104 tie 1 i303), 
and let 


Qkykak3 = 2riwler °°: Pin 1! key 121 k,+-29 eee Qype 19 °°" Vet heb hes8) 


where > is the ordinary elementary symmetric function of the three groups 
of homogeneous variables r. Then 


Ck 0 
(4) 0120 ey haks oa (ri 5— Or aie M21 9 109 =f "pea a lmi1 =) Why koks = Cri) Omens tee 


623A ky kok = (ke =z We lk =1) etc. 
If any function of the roots r;;, as J(r), is expressible in terms of the coef- 
ficients 
Lr) =3ii. 
and if 6;; annihilates J, then, as is readily shown by expanding I (r) by Taylor’s 
theorem, * 


(5) Ai Ds 


annihilates J(a). 

We proceed to show that any function J(r) which has the annihilators 
6;; is a function of the determinants of the third order that can be formed 
from triads of the factors of f3m.T 


(k; -- ae -ky+1, - 1, 4,7 =1,2,3,7+ 7) 


a 2 kokg 











We assume 

(6) O10l == bist == bo1f == dost == b3,1 =S Ogol = 0. 

From these linear partial differential equations we obtain 
dri. i doe rs adr 32 ~a = Aime ee dl 
iss) ES een ere ee 0.” 
dris _ dies _ Osa _ mg _ aT 
T19 ev ey Tecan 0 aes 
dn _drn dry _ | _ dtm _ dl 
tise ates. 6 Tse ae, | |(CO 


Employing the first three fractions in the first row of equalities and writing 
{711 Y22} for the complementary minor of the minor |r,i722| in the deter- 
minant 

dis3 = | T117 227331, 


* Cf. Amer. Journal of Math., vol. 34, p. 450. 
7 Gordan: “Ueber Combinanten,’”’ Math. Annalen, vol. 5, p. 111. 
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we have 
a Yo1{Tile2}drie ota Ti1{T1122} Aree = 0, 


131{T11132} Arie —! 111{1 11732} Ar32 re 0, 
aa 131 {121132 | dee =e o1{1o1%32} Arse = (0. 


Adding these and denoting by R;; the co-factor of 7;; In dies, 


(7) — Riodrig + Roaodro. — Rgodr3. = 0. 
Likewise from the second and third rows respectively, 
(8) Ry3dr13 — Re3dro3 + R33dr33 = 0, 
(9) Ryudri — Roidro, + R3idr3; = 0. 
The sum of (7), (8), (9) gives | 
123 eee 0, 

and hence we have the particular integral 

dio3 = C193. 
Similarly we may obtain C’”* particular integrals 

ise = Cigt, 


and J is a function of the determinants d;;,, as stated. | 

Of course J(r) is not necessarily rational in the “ roots” r,;, but we 
henceforth assume that J is homogeneous and rational in the determinants 
d;;,, and either symmetric or alternating in the roots 7,;. 

The above reasoning may be applied in case of a linearly factorable 
p-ary form, with similar results. 

Following the analogy from the theory of binary invariants expressed 
in terms of the roots, let us now define a ternary root-difference as the 
expression obtained by expanding a determinant such as dj.3 on the first 
column and then dividing each term by the product of the elements of that 
column. Thus 


¢ } 


A gif | TirPaol33 | a | Toot33| | 112133 | T1213 | 
“ll feed = —= as 











111% 21131 121031 Piast T3110 91 


is a ternary root-difference. 
We now prove the following theorem which introduces a type of in- 
variant of a factorable ternary form which is also a function of differences: 
Any homogeneous function J of the root-differences of a ternary m-line, 
which is such that in all products of differences of which it consists every 
root (row of determinant) is involved in the same number of factors, is an 
invariant of the form. 
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If every root is involved in the same number of factors in every term 
of J, the latter becomes upon multiplication by a power of the leading 
coefficient of the m-line’s form a homogeneous function of the determinants 
di;x, and as each determinant is an invariant under the general ternary 
collineation, J will be an invariant. Next suppose that J does not fulfill 
the above condition, that is, every root does not occur in the same number 
of factors in the expression for the invariant J. Let us ass me for example 
m = 4 and 

[= DA 193A 124, 
then 
(T11fe1% 31% 41) 2-1 = Lr3i41(123) (124), 
where 
(123) = 7117 22733\; etc. 


to this apply the linear transformation of determinant — 1 


ln ae 9. = sae Ce i. 
then 


4 
ain — II (14101 sm ar 1 i303), 
t=) 


4 


fam’ = [] (= rista’ + rete’ — rit’), 


i=l 
and we must have of course 
L131 41( 128) (124) ek ae = Dr33f43( 128) (124), 


which is obviously impossible. Evidently then only those functions are 
invariant which involve each root in the same number of factors. 

Thus in general the form of an m-line invariant, which is also an in- 
variant function of ternary root-differences is 


(10) DC (rirers)™ Gee, 


| where each root 7; occurs in the same number of determinant factors in 

each term of 2, and when expressed in terms of the coefficients J is anni- 
hilated by A;;. A similar theory for contravariants is obtained by 
analogous reasoning. 

It is to be noted that no requirement that J should be symmetric in 
the roots has been imposed. In fact it is often preferable to use an alter- 
nating function as an invariant rather than its symmetric square. For 
when the invariant is expressed in terms of the coefficients of the m-line’s 
form it is often possible to remove an alternating factor, in which case the 
real invariant has its degree considerably diminished. ‘Thus the invariant 
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condition that the triangle 
3 
fs 7 Il (21 lo Ale = Aor? + Q1z2%3 + Goes” + Ago%3° 
i=1 


be a pencil is i he 
Q aa 1 19 0-9 
1% ee ors 


cae VA[2a12a12 — 9192011 + 9A00A803A11 — 691003010 + 2402710 — 6A0A02419] =(0, 





where A is the discriminant of the binary cubic do,°. This is the most 
elementary full invariant of a plane m-line and is only of the third degree 
in the a’s. Since it is of the first degree in the coefficients of a,”, 1t follows 
that in the space of nine dimensions whose codrdinates are all the coef- 
ficients of ternary forms of order three, the forms representing pencils fill 
a rational five dimensional spread included in the known rational spread* of 
six dimensions representing those forms which are linearly factorable. 

When in a p-ary form m = p, the one full invariant of the m-line always 
has the form of a single determinant, and therefore the simplest full in- 
variant of a binary quadratic is the condition for a double point; of a ternary 
3-line, the condition for a triple point; of a quaternary quartic, the con- 
dition for a quadruple point, ete. 

A 2-line has no full invariant, but it has a contravariant, representing 
its double point. Let 


2 
foo = Ha {pen Uy... =: 


be the 2-line. Then its contravariant, readily computed by use of (1) 
and symmetric functions, is 





U, = V4.0 0002 ae o17[ (2Ao2A10 ra o1011) U1 at (2ao0d11 = 91010) Us 
ar (Aa oo@o2 ar Qo1°) Us| = 0. 
We may readily derive the conditions that two 2-lines f32, gs2 (§ 1) form a 


harmonic pencil. In fact, if we abbreviate U2, and the corresponding con- 
travariant of g3. as 


Uz = VD[\i(a)ui + r2(a)ue + A3(a)us] = 0, 
Ve = VD'[X(b) ur + h2(b) we aie d3(b) us| = 0, 


and let Ci be the seminvariant C’; from set (2) § 1, the proposed conditions 
are the following three: 


(11) Ai(a)A2(b) — A1(O)A2(a) = 0, Ar(a)A3(b) — A1(B)A3(a) = 0, Ci = O 


* Transactions Amer. Math. Soc., vol. 12, p. 368. 
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3. Special Complete Systems.—An invariant of 


mm 
le a Il (14101 > Nie =a 11303) 
4=1 ; 


has been shown to be a function of third order determinants of the general 
form 
eS L(riWer3)" (Mas) Pes Geet itn)”, 


where # is assumed to be integral and rational. We have proved concerning 
any homogeneous invariant function of ternary differences, J, that in every 
term of J each r; occurs in exactly the same number of determinant factors 
as every other r. Under these defining conditions the number of distinct 
types of J will be finite. For they lead to a set of diophantine equations 
to be satisfied in positive integers: 


Ceo nk: = Ome ue 


and the totality of solutions of such a system is expressible in terms of a 
finite number.* 
We proceed to special cases. 
(1) m= 3. 
Here the general form of FR is 
Rs = (rirers)™ 
Hence every invariant of f33; is a power of 
I, = (Tiras) 


which has been computed in terms of the coefficients. (See Q, § 2.) 
The contravariants are 
Cp Dito)” (rose ala), 
and from the defining conditions we have 
| B, + Bs = Bit Bs = Bo + Bo. 
Hence 6; = 62 = 63 and the only contravariant is 
IT. = (rire) (ror) (rsr it). 


To interpret J. consider it as the product of three eliminants of pairs of 
factors of fs; taken with 
Uz = U1%1 + U2%e + Uz%s, 


which is evidently the line equation of the vertices of fs. 


* The reader should consult Hilbert’s paper on the binary case, Math. Annalen, vol. 33; also 
Cayley, Math. Annalen, vol. 34. 
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(ii) m =A. 

The general form of R for this case is 

ge D(ryrers)™(ryrara)2(rrara) (Por as) 
Hence a; = a2 = a3 = ay. Therefore every invariant of fz, is a power of 
I, = (128) (124) (134) (234). 
The contravariants are 
Ca. = D(rirou)*®*(rirgu) ®2(rrqu)?*(rergu)**(ror qu) (rar) ?*. 


Hence B81 = 83, Bs = Bo, Bs = (1. 
Therefore there are three contravariants 


Det Dirau) (Taras 

Is = D(rirou) (rir) (erat) (rarau), 

Ig = (rirgu) (rir3t) (rirau) (rong) (Ter gt) (TP att). 
(ili) nO: 


Here 
R = D(123)"(124)(125)2*(134)4(135)*(145) (234) (2385) *(245) "(3845)". 


and we are able to express all the a’s in terms of six independent ones. In 
fact 


R —— >) (123) 1/2(2ag—a7z—ag+ag+ai0) (124) 1/2(205;—a7+ag—ao+ ajo) ( 125) 1/2(—2a,—2ag+3a7+ag+a9+ayo) 
(184) ~ss-eetFartast0(135)%5(145)°(234) 7(235)*(245) (345). 


‘Taking a; = 0, 1, 2 we obtain the following invariants: 


Ty = 5(123) (125) (134) (245) (345), 

TI. = 5(125)(134)2(235) (245), 

Is = (125)3(134)#(234) (235) (245) (345), 

I, = 5(123) (125) 2(134)2(145) (234) (235) (245) (345), 

Is = (123) (124) (125) (134) (135) (145) (234) (235) (245) (345), 
Is = D(123) (124) (125)3(134)4(235)2(245) 2(345)2, 

Ty = ©(123)3(124) (125) (134)2(145)2(235)2(245)2(345)2, 

T, = 5(123) (124) (125) (134) 2(135)2(145) 2(234) 2(235) 2(245)2, 
Ty = 5(123)3(125) (134) (145) (245)2(345)2, 


Typ = 5(123)2(124) (125) (134) (135) (245)2(345)2, 


Through the medium of (1) §1 all of these invariants and covariants 
have expressions in terms of the actual coefficients. 


PHILADELPHIA, Pa. 
April, 1913. 


PLANE CURVES WITH CONSECUTIVE DOUBLE POINTS. 
By F. R. SHarpe anp C. F. Craia. 


The problem of the existence of plane curves of given order and genus 
has been completely solved for the case in which all the singularities are 
ordinary double points and are distinct.* Guccia has raised the questiont 
as to how many of these double points can be consecutive. The problem 
has already been solved for the quartic and the quintic.{ In this paper a 
method is developed for determining a curve of order n with d consecutive 
double points. <A lower limit for the maximum value of d is determined. 
The equation of the rational sextic with all its double points consecutive is 
given. 

I. The General Problem. 


1. In this section a method for determining the equation of a plane 
curve of order n having d consecutive double points will be deduced. Let 
the equation of the curve C,, be taken in the form 


n n—k 
(1) 2 2 Arsety’ = (Nh 


where the coefficients A;; are to be determined. Let the point (0, ao) 
be the double point and let the equation of one of the branches through 
this point be 


(2) Uz dS at. 


If this value of y is substituted in (1), then 
(3) A, = 0, p= 0, ace e*; 


where A, denotes the coefficients of x” in the resulting identity in 2. 
2. To obtain the explicit form of A», write 


co 
1p ay ey By poi ae 
p=k 
where 


: Ila,” 
(4) Bi, »—k ae (a = G,N? 


* See V. Snyder, “Construction of plane curves of given order and genus, having distinct 
double points,’”’ Bulletin Amer. Math. Soc., Series 2, vol. 15, 1908, pp. 1-4. 
+ See Circ. Mat. Palermo, Supplemento ai Rendiconti, vol. 5, 1910, p. 1. 
t See Salmon, Higher Plane Curves. 
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in which the two products are taken with respect to 2, (2!) = 1 if 7 = 0, 
and the summation extends over all solutions in positive integers and zero of 


bththte bbe +i Hs 
1+ 2t.-->- +t +---+p—khipn =p—hk.. 
When this value of y* is substituted in (1), the equations (3) become 


(5) 


n n—k 


(6) aie a 4 AniBi, p—k — = 0, Do — 0, i 2, 


In these equations B;,, = 0 if q< 0. By assigning to p the successive 
values 0, 1, 2, ---, sufficient linear equations in the unknown coefficients 
A;; will be obtained to completely determine them. The rest of the equa- 
tions (6,) will then determine the remaining coefficients a; of (2), beginning 
with a certain one of them, in terms of the others. 

3. To determine the additional equations of condition on the A;,, in 
order that C’,, shall have double points, requires a discussion of the equations 
(6,). From (5) it follows that a; can enter only linearly in Ay if 2t > p 
unless t > p, wn which case a, does not enter into the value of A >. 

4. If in (6,), we take 2s > p > s, then the part of the coefficient of 
Gp—s in A, which contains no a; with t > s is 


at. 
(7) As Be: 2)! 7 ee 2A 04 -}- fe. 
where 
n n—k 
Me == 2 2, Ax:B’s, s—ky 


in which B’; ,-; has the same form as (4) except that the summation is taken 
so that 
% +41 +42 + car's Servet =7- if 

4, + Qi, + oeiae + (s — 1) ae =s—k. 
If p = 2s, if follows from (4), (5) and (6) that the part of A,, which contains 
no a; which ¢ > sis 

whe 2 a! a 
(8) Ags — as Lag — a1 % 1A 03 ae Cele te hee 
where 7’, has the same significance as in (7) and 


n n—k 


T, = — Qu Den Bs a 2s—ky 


=0 4=0 
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in which the summation for B’’; 5.-; is taken so that 
to +t + te + > eit + 45-1 = 1, 
4, + 2e. + eit; * + (s se Lijgeey = 2s — k. 
If s = 0, (7) and (8) become respectively 


(7) Di ido A Oty 
2=—0 
(8’) Ja yi 2, AAs. 
5. The successive conditions that C, shall have 1, 2, ---, d double 


points can now be written down. In doing this it is desirable, for the 
moment, to think of the A;; in the equations (6,) as being known and of the 
coefficients a, as unknown. Since (0, ao) is a double point on C,, it counts 
for two of the intersections of (1) and x = 0; that is Aj = O must have ay 
as a double root. Hence 


(90) 2, a'Ao: = 0 

and 

(9’) > ido Ag; = 0 
1=0 


hold simultaneously. From § 3, (99) and (7’) it follows that af Cn has one 
double point at (0, ao) Ay contains no a; witht > p — 1. 

6. From the hypothesis that C,, has d consecutive double points at 
(0, ao) it follows that there is a second branch of the curve through this 
point, and that the equation of this branch is 


d—1 oe) 
(25) y’ = ax + daz". 
t=0 t=¢ 
The equations which determine the coefficients a, a2, ---, @a_1 must there- 


fore have these coefficients as double roots. These equations are quadratic 
in the unknown and the following lemma willbe used. Jf ax? + 2bxa-+c¢ =0 
has double roots, ax + b = 0 and bx + c = 0 are consistent, and conversely. 

7. From § 5 it follows that (6,) no longer contains a;. If s = 1, by 
using (8) and § 5 we reduce (6,) to A2’ = 0. In order that C, may have 
two consecutive double points at (0, a), As’ = 0 must have equal roots. 
Using the lemma of § 6, A.’ = 0 and the condition for equal roots are 
replaced by the equations 


(92) a4 2 ii a 1)ao* 1A 9; +7, = 0, 
(9,’) ail: -++ 2 Pay = 0. 
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If s = 1, by combining (92) and (7) we deduce that A,1, p > 2, no longer 
contains a,-1;. Hence from § 5, 2f C, has two consecutive double points, A» 
contains no a, witht > p —2> 0. 

8. It should here be noticed that the equations (90), (90') and (6;) 
must be satisfied in order that C, may have one double point, and that the 
three equations (92), (92’) and (63) must also be satisfied to ensure two con- 
secutive double points. Each additional consecutive double point requires 
three conditions. 

9. The argument of § 7 may be repeated with s = 2. The conclusion 
is that if C,, has three consecutive double points, A, contains no a; with 
t>p—38> 0. If the argument is repeated a sufficient number of times, 
the equations of condition, in order that C, take on the last of s + 1 con- 
secutive double points, are 


(905) As IC FT 1)ao* 1A; + fh ye 0, 
1=0 


(9o4") a.T, +27,’ = 0 


and (62.11). From (7) it follows that if C, has s + 1 consecutive double 
points, A, will contain no a, witht >p —s+1> 0. 

10. The curve (1) will have d consecutive double points if the conditions 
given by equations (925), (925’) and (62541) with s = 0, 1, 2, ---, d—1 are 
satisfied. None of the equations of condition will contain a coefficient a; 
with t > s. Each time a new double point is added, the equations of 
condition will contain the a, corresponding to this double point linearly. 
These 3d equations of condition will be referred to collectively as the 
equations (#) and are equations for determining the $n(n + 3) unknown 
coefficients A;,; of (1). | 

11. If D = 3d — 3n(n + 8) > O, there are D more equations than there 
are non-homogeneous unknowns A,;. The least value of n for which this 
inequality can hold is n = 6, with d = 10. There is no problem if n < 6 
and hence there are at least seven consecutive double points if n= 6. It 
is therefore no restriction to take the expansion (2) in the canonical form* 


(10) y = 1g? + a5 + Daz’. 
t= f 


The necessary choice of the codrdinate system uses all the projective con- 
stants in the expansion (2). The equations (#) are now supposed to be 
specialized to conform to the expansion (10). 

12. Since there is no higher singularity at the origin (da is now zero) 
than a double point it is no restriction to assume Aj; = 1. If D>O, | 





* See E. J. Wilczynski, Projective Differential Geometry of Curves and Ruled Surfaces, p. 84, 
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there are more equations than unknowns A;,; in the system (Z). For these 
equations to be consistent requires the vanishing of D linearly independent 
determinants of order $(n + 1)(n + 2) of the coefficients of A,;. These 
determinants are rational integral functions of the d — 7 coefficients a, 


t = 7,8, ---,d —1. Hence the number of these equations can not exceed 
the number of the coefficients a,. Thus 
D=d-7 


and therefore 
(11) d = 4(n? + 38n — 14). 


This inequality gives a maximum for the value of d unless the curve C,, 
thus determined has additional consecutive double points. 

13. The D equations of § 12, connecting the coefficients a; of (10) have 
a number of simultaneous solutions. In case a solution of these equations 
is such that (10) is the expansion of a curve of order less than n/2, this 
solution must be rejected since the curve (1) is then composite. If the 
expansion (10) which corresponds to a solution of these equations is that 
of a curve of order greater than n/2, the curve (1) can not be composite. 
When n is even, the equation (1) may represent a curve of order n/2 counted 
twice of which (10) is the expansion given by a solution of these D equations. 


II. The Sextic Curves. 


14. The upper limit for d given by (11) is too low to assure the existence 
of rational curves of order higher than six with all their double points 
consecutive. The curves of order six with ten consecutive double points 
will now be determined. ae; 

15. Instead of starting with the sextic in the form (1) a known* result 
will be specialized. If c; = 0, and c;’ = 0, define a pencil of cubic curves 
with eight consecutive basis points and if c = 0 is a sextic, which is not a 
quadratic function of the cubics, having these eight basis points for double 
points then 

Acs? + Bezc3’ + C(c3’)? + De = 0 


will represent ©? sextics with eight consecutive double points, the coef- 
ficients being constants. The curve c will satisfy the necessary conditions 
if it is the product of a conic cp = O through the first five basis points of 
the pencil of cubics and a quartic cz, = 0 which has the remaining three 
consecutive basis points of the pencil for double points and one of its branches 
intersecting the pencil in the first five consecutive basis points. 





*See V. Snyder, “The involutorial birational transformation of the plane, of order 17,” 
Amer. Jour. Math., vol. 33, 1908, pp. 327-336; see p. 328. 
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16. Let the expansion (10) be written in the form 


(12) Yaremioet > Tx" rem ved VY a 
The pencil of cubics is defined by* 
C3 = y — yu? — 2Tyly — 3x’) — 42ry’ = 0, 


es’ = aly — 3x?) — By? = 0; 
the conic is 


the quartic is 

—t4 = Ty — 22”)? — 2ayly — 3x’) + 16y* = 0; 
and the sextics are 
(18) Acs? + Besc3’ + C(e3’)? + Desc, = 0. 


17. If the equations (H) of §10 are formed for this sextic, it will be 
found that all are satisfied except those for which s = 8 and s = 9 re- 
spectively. These are 


(14) 2A(U — 4) eee) 0: 
(15) BT(U — 4) + 2CT? — D(U — 8) = 0; 
(16) BU — 4\(U — 6) £86 — 6) + DT? = 0; 
(17) A(V — T?) + BQ) CT = 0; 
me BV —T)\(U —5) + (0 Sy 
+ CTV — T) + (U — 6)? + 27) + 4DT = 0; 
ir BIV(V — T?) + TU(U — 4)] + C2T?U + 2V(U — 6)] 


+ D[20 + 3T? + U(6 — U)] = 0. 
18. From (15) and (16) is obtained, since D + 0, 


(20) Lo UO eee, 
from (14), (15) and (17) follows 
(21) A[T(V — T?) — (U — 4)(U — 6)] + D(U — 7) = 0; 


from (14), (15) and (18) comes 
oe Al(U — 4)?(U — 6)? — T(V — T?2)(U — 4)(U — 6)] 
oe + DIVT(U — 7) + 3T? — 2(U — 6)*] = 0; 


* See Wilczynski, loc. cit., p. 67. All four curves may be constructed by the method of 
part I, or by the method given by Salmon. 
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and (19) becomes 
A[2V(U — 4)?(U — 6) — 2VT(V — T*)(U — 4)] 
+ D[VT(V — T?) —4V(U — 6) — 2T?U + 20T? + 3T'] = 0. 
From (20), (21) and (22) is obtained 


(23) 





(24) VT = Ate ee 
and (28) gives 
(25) UGG. 2) — (T? eee 4) 0. 


The solution 7 = 0 is rejected since (15) would violate D + 0. The second 
factor of (25) combined with (20) gives 


(26) Té’t1 72 —]= 0. 
In succession follow 


CO Sepa 
V = 272 + 75, 
(27) B= — A(T? +47), 


C = A(S5T + 67"), 
D= AQ — 3 
The equation Ax. = 0 becomes, after the usual reduction, 
A[W —6T—TU|?+ DI6UT?—2UV+6V —2T?| 
+Bl(2V—T’)(W-—6T-— TU) —2(U?—-16)+- V7T(U—4)+ UT(V—-T”)] 
+C[2(U —6)(W-—6T—TU)+V?—-16TU+2TU?+ 2T°V —167]=0, 
from which 
(28) 
19. Jf T satisfies (26) the curves 
c32 — (57? + 4T7®)c3c3’ + (5T + 67%) (c3')? + (2 — 8T?)eoc, = 0 


are rational sextics having ten consecutive double points. The two branches 
of each of these curves have the expansion (12) where T, U, V, W have the 
values given by (26), (27) and (28). All other rational sextics having ten 
consecutive double points are projectively equivalent to these. 

20. From (14) and (15) the values of B and C may be substituted in 
(18) and there results the curves 


AlTc; — (U — 4)c3']? + Dl Tcsc3’ — 2(cs’)2 + T2c2c4) = 0, 
where T and U satisfy (20), have nine consecutive double points. If A = 0 
there 1s a triple point at (0, 0). 


CoRNELL UNIVERSITY, 
February, 1914. 
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THE EFFECT OF RADIATION ON A SMALL PARTICLE REVOLVING 
ABOUT JUPITER. 


By THropore Henry Brown. 


1. Since the experiments of Nichols and Hull* on radiation pressure 
there has arisen the question of the effect of radiation in problems of celestial 
mechanics. Some of these problems have been already solved. Professor 
J. H. Poyntingy has worked out the conditions of size and temperature for 
two bodies in equilibrium in space and also solved to a first approximation 
the problem of two bodies moving under the pressure of radiation and the 
Newtonian attraction. Professor E. B. Wilsonft has solved the equations 
for this problem to a fourth approximation. 

The present paper treats the motion of three bodies in one plane acting 
under radiation pressure as well as ordinary Newtonian forces: the third 
body being taken as a small satellite of Jupiter. The method of solution 
differs from the previous ones in that the time is not eliminated from the 
equations. The general effect of radiation on the particle is similar to that 
obtained in the above papers, namely that the particle is drawn in toward 
the attracting center losing eccentricity and reaching the surface after a 
finite number of revolutions. There are, however, some new effects. 
Considering the Sun to be stationary, it is clear that the particle will be in 
the shadow of Jupiter during a part of each revolution. It is found that 
the effect of the eclipse on the motion is to draw the particle in toward 
Jupiter and to diminish the eccentricity. But now suppose the Sun is 
moving. Then, if the motion of the particle is direct, the amount of shadow 
that the particle has to pass through will be greater than before. The 
particle will still be drawn in and lose eccentricity but the amount is not 
so great. On the other hand, if the motion of the particle is retrograde, 
the shadow will be less than before. Consequently the amount the particle 
is drawn in and the amount the eccentricity loses is greater. This shows 
that the number of revolutions which a particle can make with a retrograde 
motion is less than that which a similar particle can make with a direct 
motion. 

2. The assumptions in regard to the radiation pressure will be the same 





* “The pressure due to radiation,” Astrophysical Journal, vol. 17, June, 1903. 
+ Nature, vol. 75, pp. 90-93. Also “ Radiation in the solar system: its effect on temperature 
and its pressure on small bodies,” Trans. Royal Society, ser. A, vol. 202 (1903). 
t “The revolution of a dark particle about a luminous center,” Annals of Math., 2d ser. vol. 
7-8 (1905-07). 
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as in Professor Wilson’s paper. That is in addition to the usual gravitational 
forces there is the direct pressure of light and the Doppler reception and 
emission effects. Besides these we shall assume the motion is all in one 
plane and that the particle is started well within the sphere of action of 
Jupiter which is taken to be one twentieth the distance from Jupiter to the 
Sun. 

Let Jupiter be the origin of codrdinates. Denote it by B and its mass 
by m:. Let S be the Sun of mass m, and P the particle of mass m;. Then 
let BP =r, BS = Rk, SP = 1, ZPBS = ¢ and after Jupiter is reduced to 
rest let Bx be a line fixed in the plane of motion so that 7PBz = 38, 
ZSBz =a. Then, if V be the velocity of light, K the constant of radiation 
referred to S and K’ that referred to B, we have for the equations of motion 
of the particle :* 

d°r dd \? fee LI 1 dr r my 

di? ~ AGE) =e SEV ate R (cos OG 2) Teer 


K held! ie 
— FR (cos » — n) + By ge (cos ¢ — 3] 
K 4K’ 1dr 
era 3 Vr? dé 
sala) icele do ms 
r 


= -3R Va PRimetPRain g 


_Ki1dl 1K’ 1 rdd 
—B yak sine + psn e 3 eg 
Since it is only possible to solve these equations by series and since we 
desire an approximation involving only the first power of the disturbance 
from elliptic motion, we shall divide the equations into two parts, integrate 
each and add the results. The division is such that the first equations, 
which have a potential, represent the elliptic motion of P disturbed by the 
attraction of the Sun and the direct pressure of light from the Sun while the 
second set, which has no potential, gives the motion disturbed by the Doppler 
effects and the direct pressure from Jupiter. 
Take as the first set of equations 


d*r dd m m r 
ota) = Bo Fora 
FR (ose —F)| 
— Ts -cOSs g — B COS g — pF 
1d/f ds ; AG ees | 
= 5 (+ or) =| Fasin o —HRsin g + FR ain o |. 


* See E. B. Wilson, Annals of Math., 2d ser., vol. 7-8 (1905-07), pp. 135-137. 
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The right-hand sides may be expressed as partial derivatives of the function 


r 
kK eee : 
=" (§) cos ot ™ E15 (8) (3 cos* @ =A) -+- | 
See 
== +8 


To solve the equations we shall develop &* in terms of the elliptic 
elements and then substitute it in the equations for the variation of the 


elliptic elements. These equations,t when the powers of e above the second 
are neglected, become 


da 2na* dh 








at i. Ms Oc’ 

de = nae dk — na(2 — ¢?) a& 
. dt ap 2M2 O€ 2M2e Ow’ 
dw  na(2 — e”) d# 

dis = “Qinse Team 

der | 2na Oe 

Goe M, 0a 2m, de° 


After substituting and integrating with respect to the time treating the 
elements on the right-hand sides as constants we get the first approximation 


to the changes in the elliptic elements due to the disturbing forces. These 
are, writing the first few terms: 


2 Qnat [[3 15 ,]cos (21+ 29 —2N)  ¢ 
ba = (m — Ka [7 | Ae = ammmimmmamiorn Ee 
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— (m,— K) 73 {Ey \ -- J 72 {Hy'"} 
MQ m3 


say, 


. Dene Mém. de 1|’Acad. des Sci., vol. XXVIII (1860), pp. 33-54. 
{ Tisserand, Mécanique Céleste, vol. I, p. 169. 
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where / is the mean See and g the longitude of perigee, the prime letters 
referring to the Sun. 
We take as the second set of equations: 
d?r (a) “its, SCANS ea Gan cel ( 7) Kage ree leds 
“CF FR \ cos (2) R 


fe ANGE Pees eV dé EV a Pr 3Vrdt 
mM 
a = se ye 
say, 
alee )= 1K1 dé Kid, ik ide 
rdi\’ dt -3RV ad EVa ™?-3s7 Pa 
eT 
say. 


The solution may be obtained by expanding the right-hand sides in 
terms of the elliptic elements and substituting in the equations for the 
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variation of elliptic elements which contain the forces on the right-hand sides. 
The expansion of dl/dt and 1/l? in terms of r/R and cos k¢ is effected as 
usual in the development of the perturbative function, the latter in turn 
being expanded in terms of the elements by use of the elliptic developments. 
The expansions are, to the order of e desired, 


Tages nyo + e cos I] sin 2¢ - — e cos /] sin 2¢ 


— nale sin 1] cos? op ag le sin 1] 
k; 5 ee 
+25[ 1+ 2ecost+5 e? + - 32 c0s 21 | — 4g2-— sin l, 
rae al 
707 | | = na +e cost) +n'a(l = ecost) +55 Fesint|| 5 — 50s 2¢ |} 


— ny ll fete COS teeny cs “(1 — 3¢ cos U, 


where g: = K/R?V, g2 = K’'/3V and where ¢ has yet to be expanded in 
terms of the elements by use of the expression 
g=d—(nt+ ee). 


Neglecting higher powers the equations to be used become 





da  2na’ 

aE. ay | Pae sina + 72 |, 

de _ na : a 3a oy le \ i 
T= ne| Pasine + 1(S a4 5 Se +5re) | 
dw na 
CH = m,— Pa cos 8 + T@ + 7) sin o, 

Terme on, 

at Ms 


In making the substitutions it will be found easier to substitute the 
expressions for P and T7' before expanding the functions of ¢ and # into 
series of the elements. After integrating as before we get the first approxi- 
mation to the changes due to these disturbing forces. These are, writing 
only the first few terms: 
2agie . 


2 
sin l — 5 gat 





sa = ag,| 1 [e+ mem 2(1) 


4ae . 2nak’e Piel Se . 
— fia, sin l a Rae [cos 1 — e cos 21] — Dah go sin 1 re 





EFFECT OF RADIATION ON PARTICLE REVOLVING ABOUT JUPITER. 27 
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§é, = 5. COS 2(1 — Il’) — 


The complete integral may be obtained by adding the two sets of ex- 
pressions for 6a, de, e6w and de, respectively. There is a constant appearing 
through the mean motion which should be added to 6a. This has been 
omitted because it does not directly concern the present problem. 

3. Consider now the effect on the motion of the particle. It is evident 
that it will suffer solar eclipse during a portion of each revolution. During 
the time it is in Jupiter’s shadow the radiation pressure from the Sun will 
be cut off. We shall first determine the effect of this eclipse on the semi 
major axis and eccentricity. 

Denoting the angle which the intersection of the shadow and the orbit 
subtends at the center. of Jupiter by 28 we have, when the particle enters 
the shadow, 

lL—l!=7-8, 
and at the time it leaves the shadow, taking the orbit to be circular, 
l—l=7+8. | 


Now the change in r is given by 


ér = 6a — 6e cos! + edm sin I, 


neglecting products of the changes with e. From this we find the change 
in the value of r due to the eclipse. Since the longitude of the perijove is 
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constantly increasing, we can neglect, in making the substitution, all 
functions involving angles other than w — w — w’. This gives us 





Be | 092 is 7i. gue | 
yp ta=h UNO EE On sin 2(1 i’) Ne = 7 Sin 26. (1) 
Hence the particle is drawn in toward the attracting center because of the 
eclipse. 
If for an approximation we call n a constant, we have 
1 

pS te n!? (2) 

1 i EES 

n 


where £’ is the angle between the line joining the sun and Jupiter produced, 
and the line joining the particle and Jupiter at the instant that the particle 
enters the shadow and where the particle revolves in the same direction as 
the Sun. If it revolves in the opposite direction, 


1 
n * 
1+— 





ee is! (3) 


If ¢; is the time it takes the particle to make the remainder of the revolution, 
we have for direct motion 
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for retrograde motion. 
During this time the particle is again drawn in the additional distance 


5 me, anal 2, 2p 1 
| gan — an [6 = ¥m| 37 yes =| (4) 
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for direct motion and 
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(5) 





for retrograde motion. 
In addition to this throughout the whole revolution the radiation from 


EFFECT OF RADIATION ON PARTICLE REVOLVING ABOUT JUPITER. 29 


Jupiter is affecting the particle causing it to fall in the additional distance 


AK’ r 
3Van’ 6) 


Thus the change in the semi major axis per revolution will be approxi- 
mately 


GN aie ; Rai ; Ny a! AK’ x 
~ i0 + 28 7) 008 28 + | 5> mallee acl Sal (7) 
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if the motion is direct, and 
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if the motion is retrograde. 
Treating similarly the expression for 6e we 188: the change in eccentricity 
per revolution. This is 
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when it revolves in a retrograde direction. 
Finally the particle will not make a number of revolutions N greater 
than 
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for direct motion and 
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for the retrograde motion before it reaches the surface of Jupiter. The 
The difference of these will be 


3Vna7R? . 16 Ka? 
N aa Nr = n’ . Chey 
a(5Ka? + 4K’R?) ( 5Ka' + 4Kk’R? — 6" Ka’ ) 





4. As a numerical example, we shall assume the following data. 


Velocity of light, V =3 X 10", 
Mass of the Sun, m, = 1.29 X 10%, . 
Mass of Jupiter, mz = 1.29 X 10%, 


Distance of Jupiter from the Sun, R = 7.8 X 10%. 


All of these are in the C.G.S. units.* The value of K may be determined 
from the known pressure of light at the earth’s surface. If the particle 
has a density about that of the earth anda radius of about .01 cm., K has 
the value 1.76 X 107.* We also assume 


Constant of radiation of Jupiter, KSA Oe 
Distance of the particle from Jupiter at an apse, a = 4R x 107°. 


Then if we suppose the shadow cast by Jupiter is a cylinder whose base 
is a great circle of Jupiter, 8’ will be equal to .0178 radians or a little more 
than 1°. Then it will be found from (1) with (2) or (8) that, due to the 
eclipse, the direct particle will fall in a distance 8.98 cm. while the retrograde 
particle will fall in a distance 9.40 cm. It may be noted that these values 
increase to a maximum when the particle has fallen in so that 6’ equals 
7/4 and then decreases to nearly 0 when the particle skims the surface of 
Jupiter. During the rest of the revolution equations (4), (5) and (6) show 
that the direct particle falls in a distance .688 km., while the retrograde 
particle falls in a distance .689 km. These will be Pprosintels the sgn 

as the eclipse effect is not quite appreciable at this distance. 

Treating the expression for the change in the eccentricity in the same 
way we find the eclipse change for the direct particle is .122 X 10-"e while 
that for the retrograde particle is .117 X 10-%e. During the rest of the 
revolution the change for the direct particle will be 19.15 X 10~°%e which is 
approximately that for the retrograde particle. Thus the total change will 
be 19.16 X 10~°%e for both particles. 

To find the greatest number of revolutions we will start the particle a 


* Wilson, Annals of Math., 2d ser., vol. 7-8 (1905-07), p. 148. 
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little farther out from Jupiter and let 
Distance from Jupiter, a = R x 107°. 


Then the number of revolutions which is found from (9) or (10) probably 
will not be more than 5.87 X 10’ for the direct and 5.54 x 10’ for the 
retrograde particle. The difference between these, given by (11), is 3.3 10°. 
This indicates that the retrograde particle is drawn in much faster, a fact 
which can be verified in general by comparing equations (7) and (8). 





NON-HOMOGENEOUS LINEAR EQUATIONS IN INFINITELY 
MANY UNKNOWNS. 


BY Ave eELt, 


Introduction. In this paper we consider the solution of the system of 
non-homogeneous linear equations in infinitely many unknowns, 


(is Be Se (8 dy als) 
=i 


with the object of subjecting the matrix (a;,) to as few restrictions as 
possible. We are concerned, in particular, with the derivation of conditions 
to be imposed on the constants {c;} in order that a solution {z;} of (1) exist, 
and the determination of the character of the solution. 

From the articles dealing with linear equations in infinitely many un- 
knowns we cite only those results which have some bearing on the problem 
stated above.* 

Assuming that the matrix (a;,) is such that 2?,a;,? converge for every 
1, EK. Schmidtt derives the necessary and sufficient condition, to be imposed 
on the {c;}, for the existence of a solution {x;} of finite norm. On account of 
the complexity of the processes involved, these conditions are difficult to 
apply in particular cases. 

The method of Kébéseritzscht consists in the reduction of a general 
system of equations to one for which 


(2) ii a5 0, Aik = 0, 0) Be k, 


and in the formal expression of the solution {z;} in terms of the {c;} by 
means of a reciprocal matrix. Helge von Koch$ and Carmichael|| have 





* Hilbert and Toeplitz consider the following problem: the determination of conditions to 
be imposed on the matrix, already restricted to be limited or even more, in order that a solution 
of finite norm exist whenever the constants {c;} are of finite norm. In-some articles dealing with 
infinite determinants Helge von Koch considers a similar problem. 

+ Rendiconti del Circolo Matematico di Palermo, XXV, 1908, pp. 538-77. See also Bécher 
and Brand, Annals of Mathematics, 1912, pp. 167-186. 

t “Uber die Auflésung eines Systems von unendlich vielen linearen Gleichungen,” Zeitschrift 
fiir Mathematik und Physik, t. XV, 1870, pp. 1-15, 229-268. See also E. Goldschmidt, Uber die 
numerische Verwendbarkeit der Methoden zur Auflésung unendlich vieler linearer Gleichungen, 
Dissertation, Wiirzburg, 1912, §§ 2, 5; and F. Riesz, Les Systémes d’Equations linéaires a une 
Infinité d’Inconnues, 1913, p. 11, 12. é 

§ “On the regular and irregular solutions of some infinite systems of linear equations,”’ 
Proceedings Fifth International Congress of mathematicians, vol. 1, pp. 352-366. 

| “On non-homogeneous equations with an infinite number of variables,’ January, 1914, 
pp. 13-20. 
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derived conditions under which this formal expression yields a solution of 
the system of equations. 
To the conditions (2) Helge von Koch adds 


ai = 1, | Aik | ct fea 
and shows that 


lim 16: <j 


is necessary and sufficient for the existence of a unique solution {2z;} such 
that 


lim 4a" <f. 
Carmichael adds to (2) only the condition that 
a;{ = Ny 


and his sufficient conditions to be imposed on the {c;} are broader than 
those of Helge von Koch, but are more complicated in form. No informa- 
tion is given about the character of the solutions, and for the general system 
of equations there is no indication of the nature of the right-hand side for 
which solutions exist. 

The conditions which we derive for the applicability of the Kéteritzsch 
method under (2) are simpler in form and more general than those of Car- 
‘michael. We also gain some information about the character of the right- 
hand side and the corresponding solutions for both the general and reduced 
systems of equations. 

1. Definitions and transformation of matrices. A sequence of constants 
{c:} 1s of finite norm if 2%, c;? converges. 

A matrix (a;,) is mited* if there exists a positive quantity M independent 
of {x;} and {y;} and such that 


= eps lope 
(sit k=) 


for all sequences {x;} and {y,;} of finite norm. 

For convenience of later reference we state here some well-known 
properties of limited matrices. 

(A) If the matrix (a;,) is limited,7 the transformation 








nm 
Sear 
4, K=1 


fe a) 
Yi = Dinky 
k=1 


* Hellinger-Toeplitz, “Theorie der unendlichen Matrizen,” Mathematische Annalen, 69, 1910, 
p. 296. . 
} Hilbert, Grundziige einer allgemeinen Theorie der linearen Integralgleichungen, p. 128. 
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transforms every sequence {x;} of finite norm into a sequence {y;} of finite 
norm. 
(B) If the matrix (a;;) is limited,* and the sequences {v;} and {y;} are 
of finite norm, 
De De Vin LiYs = ~~ yh DMikeUeY ke 
k=1 ¢=1 t= =1 
(C) The matrix (a;,) is limited} if the sequence {2#,a,,7;} is of finite 
norm for every sequence {x;} of finite norm. 
For the work in the sequel we need the following lemmas concerning the 
transformation of matrices. 
Lemma 1. If (ax) is a matrix such that the sequence {ai} 1s not of finite 
norm for every 1, and wf. 
max. | a; hk We Onis ty 
(3) [Az | > met L 


€k 





where {e;,} is any sequence of finite norm, the matrix (aiz/d,) has the property 
that the sequence {a;x/dx} is of finite norm for every 2. 
The lemma follows aaa from the term by term inequality 
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Obviously it is sufficient to take 





[Ax | = 


instead of the value given in (3), 
Lemma 2. If (ai) ts an unlimited matrix such that a;, = 0 for 1 > k, 


and uf 


ay ( > eee: --+k) 


€k 





where {e,} 1s any sequence of finite norm, the matrix (ajz/dz) is limited. 
This lemma is a consequence of the mete 


t=] 


and the property (C). 
2. Special systems of linear equations.—Let 


(4) D, Dinky = Cy (a i Us 2, 3, Sf -) 


* Hilbert, 1. c., p. 129. 
+ Hellinger-Toeplitz, 1. c., § 10. 
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be a system of linear equations with the following condition on the matrix 


(ax) 





(5) Qi ss 0, Aik = 0 Be 1 > k. 
Let the matrix (6;;,) be defined by 
| 2 
65% = 0 1) ¥ ke 
(6) jay . 
bin = Dip 1k, 
11092 **° Ait 


where b;; is the value of the determinant 





Civ, Aig eee dik 
0 Goo, 3 os 
0 VWarme Chay 


with 0, 0, --- 1 substituted in the Kth column. Then the matrix (6,;,) is a 
reciprocal matrix of (a;,), or 


0 =k. 
(7) 20 aD ya =e 


1 «=k. 


THEOREM 1. If the sequences {dz} and {u;} are such that the sequence 
{aix/An} vs of finite norm for every 1, and the matrix (Axbix/u:) 1s limited, then 
for every sequence {c;} such that {u,c;} vs of finite norm, the system of equations 
(4) has a solution {x;} such that {d;x;} vs of finite norm, and the solution is 
given by 


2, = >, bince Gi 128 ee al 
k=1 


If the {a,,} is not of finite norm for every 2, the sequence {,;} can be 
chosen as in Lemma 1; if the {a;;} is of finite norm for every 2, take \; = 1, 
or as a decreasing sequence in some cases. The matrix (\;b;;) satisfies 
the conditions of Lemma (2), and the constants {u;} can be chosen so that 
the matrix (\;bz;/uz,) is limited. Applying next property (B) §1, and the 
relation (7), we obtain 


(8) Se )an - DDS ( # V nate = Cs, 


k A= a= Hk 











if the sequence {c;} is such that {y,c;} is of finite norm. From (8) we have 
that a solution of (4) is given by 


te Oe (a = 1, 2, 3, #18) 
k=) 


and from property (A) $1, the sequence {2,2;} is of finite norm. 
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Lemma (1) gives us a possible value for {A;} in terms of the elements 
of the matrix (a;,), if {a:,} is not of finite norm for every 7, and Lemma (2) 
gives it for the {u,;} in terms of the elements of the matrix (b;,). It is 
desirable to have a value for {u;} in terms of a;;, so that it will not be 
necessary to compute the b;,. By the Hadamard theorem on determinants, 


Ue a) fh ees 
VII 4 Gao 4 


(9) | ba =o EET eT | 


Using this together with Lemma 2 we have 
Corollary. The system of equations (4) has a solution {x:} such that 
{\,a;} ts of finite norm for every {c;} such that {y,c;} ts of finite norm, where 








(10) Bybee (¢ = 1,2, --- hb), 


af {aiz} is not of finite norm for every 1, and 
(10’) QF \pieeals 


af {ai} is of finite norm for every 1, and 


II Yan’ 


k=1 j= max. | Nk | 


~ lau [+ [@ae[ +++ la] |: | 





(11) | os | (k = 1, 2, ---+ 4), 
{e;} being any sequence of finite norm. 

If {\;} and {u;} are given by (10) and (11) respectively the sequence 
{ce;} satisfying the condition of the corollary, will be such that 22, | c; | 
converges, if given by (10’) and (11) respectively, the sequence {c;} is of 
finite norm. 

Thesame method of proof applies for the following theorem and corollary. 

Turorem 2. If {d;} and {u;} are sequences of constants such that 
{b;./ui} is of finite norm for every 1, and the matrix (uidix/d~) 1s a limited 
matrix, then any solution {x;} of the system of equations (4) such that {\,x;} 
as of finite norm, ws given by 


Li = DPC. (2 = iE 2, 3, oe -), 
Vic | 


and the {c:} are such that the sequence {uci} rs of finite norm. 
Corollary. If 


ies 1 
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_ Max | ait, | | ws | 
€k 


[Xx | 


NON-HOMOGENEOUS LINEAR EQUATIONS. 3” 


where {¢:} ws any sequence of finite norm, then any solution {x;\ of the system 
of equations (4) such that the sequence {d;x;} is of finite norm, is given by 


i ese De bine (7 me if 2, 3, wi ), 
1% | 


and the {c:} as such that the sequence {y,c;} is of finite norm. 
3. General system of equations. Let 


(14) DA ute = C; (2 al aoe ») 
k=1 
be a system of linear equations for which the determinants 
xy w Aa. 6s) meee 
JOS Seip emma Sa1e5 + 0 ONE PA Wah 
Pals ol Gabe mete Ale: 


Then it can be reduced to the system (4) and (5), and the relations between 
the matrices and right-hand sides of the equations have the form 


(15) Aix van D>) Ener v = k (k ey li 2, 3, ey 2); 
C1 

(16) Of= Dene Cat, wee 

: k=) 


The coefficients £;, are not uniquely determined as each row contains a 
multiplicative constant. By Lemma 2 these constants can be chosen so 
that the matrix (£:,) (where &;, = 0 for & > 7) is limited. Therefore by 
property (A) §1, the sequence {C;} is of finite norm if the corresponding 
sequence {c;} is also of finite norm. From the form of (15) it follows that, 
if {a;,/Ax} is of finite norm for every 2, then {A,;;/d;} is also of finite norm 
for every 2, and vice-versa. Applying Lemma 1 and the corollary to 
Theorem 1, we have 


THEOREM 3. If 
max, Ai, (4; Sela - - hk) 





OS a 
and 
wee VIL aw max. | dz | & =1, 2, «+: 2) 
Mel Tan | + [ae | ++ [as | |e | 


where {e;} ts any sequence of finite norm, and if {C;} has the form (16) where 

{c;} is such that {u,c;} is of finite norm (and therefore {C;} ts of finite norm), 

the system of equations (14) has a solution {x;} such that {d;x;} ts of finite norm. 
March, 1914. 


THE INSCRIBED AND CIRCUMSCRIBED SQUARES OF A QUADRI- 
LATERAL AND THEIR SIGNIFICANCE IN KINEMATIC 
GEOMETRY. 


By C. M. Hessert. 


Professor Emch has shown that in any closed convex curve at least one 
square may be inscribed* and that about such a curve at least one square 
may be circumscribed. Moreover, the results may be extended to convex 
polygons formed by analytic arcs. 

This investigation leads to methods for actually constructing the in- 
seribed squares of all regular polygons and any quadrilateral and the cir- 
cumscribed square of any quadrangle. By inscribed square is meant one 
whose vertices lie on four sides of the figure and by circumscribed square 
is meant a square each of whose Tértiees passes through a vertex of the 
quadrangle. Because of the number of interesting propositions of kine- 
matic geometry resulting from the solution of these problems for the quadri- 
lateral and quadrangle, I shall confine myself to their discussion. 

THEOREM I. Jn every quadrilateral may be inscribed at least one square 
having a vertex on each of the four sides. If there 1s more than one such square 
in a given quadrilateral, there is an infinite number# 
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For let x be the side of a square having its vertices on the four sides of a 
given quadrilateral and let 6 be the angle made by the side x and the side 
d of the quadrilateral. Also let a, 8, y be the angles of the quadrilateral 
as indicated and let a be the side included by the angles 8 and y._ v and 
w are the segments cut off from d and a, respectively, by corresponding 
vertices of the square. 


* “Some Properties of Closed Convex Curves in a Plane,’”’ American Journal of Mathematics, 
vol. 35, pp. 407-412. 
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Then making use of the law of sines and the conditions that x=27’ =2” 
ANCL eran ce Le. we get 


s d(esc 8 + cos B + cot y sin B) — a(1 + cot 8) 


Ra d(cot y cos 8 — sin 8) + a(1 + cot a) 





This equation shows that in general there is always one real value for 6 
in a given quadrilateral. The equation can have more than one solution 
if and only if the right-hand member is 0/0 and then there are an infinite 
number of solutions, according to a theorem stated by A. Hurwitz :* 

“Tf wt ws possible in special cases to get more than n solutions for a problem 
which in general has n solutions determined by the roots of an equation of the 
nth degree, then in these special cases there are an infinite number of solutions.”’ 

Since V and W are linear in 6, every point of the side of a quadrilateral 
in which an infinite number of squares can be inscribed is the vertex of one 
and only one inscribed square. 

THEOREM II. If three vertices of a variable square move along three fixed 
straight lines, the fourth vertex moves along a fixed straight line and the centers 
are collinear. . 

For if each of two squares has three of its vertices on three fixed lines, 
the line joining the fourth vertices will form with the three fixed lines a 
quadrilateral in which two squares are inscribed. Hence in the quadrilateral 
so formed an infinite number of squares may be inscribed and the fourth 
side so determined is the. line along which the fourth vertex moves. 

Differentiation and division of the linear expressions for V and W in 
Fig. 1, gives dV/dW = a constant, i. e. the ratio of the distances through 
which these two vertices move is constant. Similarly for any pair of 
vertices. 

Let ABC and A’B’C’ (Fig. 2) be three positions of opposite vertices. 
Then AA’, BB’, CC’ will be diagonals. For the sake of simplicity, assume 
that AB = BC and A’B’ = B’'C’. Let F, G, H be the mid-points of AA’, 
BB’, CC’ respectively. 

Then FBHB’ is a parallelogram and since the diagonal FH bisects the 
diagonal BB’, F, G, and H are collinear. Also FG = GH. 

Kinematically, these results may be expressed as follows: 

TuHerorEM III. Jf two vertices of a variable square move with constant 
velocities along two fixed straight lines, the other two vertices move with constant 
velocities along two fixed lines and the center moves with constant velocity along 
a straight line. 

Some special cases of this theorem have been stated by E. Study, who 
proved them by means of the “ real pictures ” of imaginary points.t 


* Math. Annalen, vol. XV, p. 8. 
+ E. Study, Vorlesungen iiber ausgewihlte Gegenstiinde der Geometrie. Erstes Heft: Ebene 
analytische Kurven und zu ihnen gehoérige Abbildungen, p. 16. 
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With the aid of these theorems we can easily prove the correctness of the 
following construction, due to A. Emch, for the square inscribed in a given 
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quadrilateral. Given quadrilateral ABCD. Through any point, EH, on 
AB draw two perpendicular lines cutting BC and AD in F and G re- 
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spectively. Draw HH perpendicular to AB and on EH lay off EF’ and 
EG’ equal to EF and EG, respectively. From K, the sect-point of BF’ 
and AG’ draw KE’ perpendicular to AB. Then #’L and E’M drawn parallel — 
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to HF and EG, respectively, are equal and determine a square having three 
vertices on three sides of the given quadrilateral. 

Repetition of this process gives a second square having three vertices 
on the same three sides of the given quadrilateral. 

Now if we think of this second square as being obtained by allowing the 
vertices of the first square to move along the three straight lines DA, AB, 
and BC, while the sides vary in length, we see that by Theorem II, the fourth 
vertex must have moved along the fixed straight line PR. Then the sect- 
point, Q, of PR and DC will be a vertex of the square having its four vertices 
on the four sides of the quadrilateral. The other three vertices can be 
easily determined since by Theorem III, PQ/PR = E’'X/E’E”, etc. 

Since the vertices of the variable square in Theorems II and III move 
with constant velocities along the four sides of the quadrilateral, the sides 





O 
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of the variable square envelope four parabolas. Consideration of the 
similar triangles formed by joining the focus of one of the parabolas to the 
vertices of two of the squares gives 

THEOREM IIIa. The four sides of the variable square whose four vertices 
move along four fixed straight lines envelope four confocal parabolas whose 
directrices form a square. 

THeorEeM IV. [f three sides of a variable square pass through three fixed 
points, the fourth side passes through a fixed point. 

Given three points (0, 0), (a, b) and (c, 0) and through these points the 
lines y = nz, y = n(x — c), and nly — 6) +a%—-—a=0. 

Since AB is 1 to AO and BC, AB = OC sin AOB = cn/V 1+ n’. 

Now in order for our fourth line to form a square with the three given 
lines, it must be at the distance + cn/ V1 + n? from AB and be parallel to 
AB. 
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peut Uai: distance of any point (x yi) from the line n(y — 6) + (a — a) = 0 
i nNYyi +%—nb—a 
V1+ 7? 
Since we want (x11) to be at distance +en/V1-+n? from n(y—b) + (x—a) =0, 
we have as equation of locus of («1y1) 
Ni ch Wty ee ee CT 


v1 + n? vt + ne? 





or, 
nyi—-b+c)+ (a—a) =) 


which may be written 
U1 eca (b 2 C) ere 1 
1]: ee 





This last form of the equation shows that the fourth side of the square 
through the three given points always passes through the point (a, 6 + c). 

It will be observed that the points (a, b) and (a, b + c) are on the line 
x = a which is 1 to the z axis, and that the distance between these two 
points is equal to c. 

Hence we have 

CoroLuaRyY 1. A necessary and sufficient condition that it be possible to 
circumscribe an infinite number of squares about a given quadrangle vs that 
the diagonals be perpendicular and equal. 

Therefore, to construct the circumscribed square of the quadrangle 
ABCD, draw BE 1 and equal to AC. Through B draw a parallel to ED 
and through A and C draw perpendiculars to HD. These three lines and 
ED form the required square.* 

The kinematic expression of theorem IV is: 

THEOREM V. If one side of a variable square turns about a fixed pont 
while the extremities of this side move with constant velocities on two circles 
which pass through the fixed point, then the other three sides of the square turn 
about fixed points and the two remaining vertices of the square move with constant 
velocities on two circles which intersect each other and the two given circles in 
the remaining fixed points. The centers of the four circles form a square. 
The center of the varvable square moves on a circle which passes through the 
sect-point and the mid-points of the diagonals joining the four fixed points. 
The velocities of the vertices and the center of the variable square are proportional 
to the radi of the corresponding circles, 1. e. the angular velocities of vertices 
and center are constant.t 





*For another construction, see Journal fiir die reine und angewandte Mathematik, vol. 
XXXIV, p. 281. 

+ See Study, loc. cit., and A. Mannheim: Principes et Développements de Géométrie Cine- 
matique, pp. 14-17. 
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A NOTE ON SYMMETRIC MATRICES.* 
By GILBERT Ames BLISS 


In a recent paper Dicksonyj has given a very concise and elementary 
proof of the well-known fact that for a symmetric matrix of rank r at least 
one principal minor of order r is not zero. Wedderburn{ deduced the same 
result for matrixes with real elements in proving, by a less elementary though 
very concise method, that the sum of the principal minors does not vanish 
under the same circumstances. The purpose of this note is to exhibit a 
theorem which includes both of the results just mentioned, and throws 
further light on the structure of a symmetric matrix. 

Suppose that the order of a square matrix A is m, and let the combina- 
tions of r letters selected out of the set (1, 2, ---, m) be denoted by the 
symbols P; (« = 1, 2, ---, n). The symbol A; will represent the minor 
of A of order r with rows corresponding to the numbers P; and columns to 
the numbers P;. The matrix (A;;) is evidently symmetric if the original 
matrix A has this property. 

For a symmetric matrix of rank r there exists a multiplier M + 0 and a 
set of numbers X; (4 = 1, 2, ---, n) not all zero such that 


(1) Pal ae MX ;X; (4, 9 “a 2, hte n). 


The justification of these statements depends upon the known fact, a 
proof of which is given below, that the ratios Ait: Aig: +++: Ain 
(2 = 1, 2, ---, n) for a matrix of rank r or less are all the same.§ In other 
words there exists a set of numbers X,, Xe, ---, X, not all zero, with a set 
of multipliers M; (2 = 1, 2, ---, n) such that 


Ain = M:X1, A is a> M;X2, rine Ain = MX» (a z 1 2, oan) nN). 


Any row Aj, Aj, ---, Ain with elements not all zero would be a set of 
numbers X with these properties. Suppose that X, is different from zero. 
Then M is uniquely determined by the condition A,, = MX;,?, and it 
follows that the multiplier M;, of the kth row has the value M_X,, while the 
elements A;; of that row have the values 


An SX eee; = be 2, 1, 1). 


* Presented to The American Mathematical Society, April, 1914. 
+t Annals of Mathematics, vol. 15 (1913), page 27. 

t Page 29 of the same journal. 

§ Kowalewski, Einfiihrung in die Determinantentheorie, page 122. 
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From the fact that this is also an expression for A;; it follows at once that 
the multiplier M; for the ith row has the value MX; The constant M 
can not be zero; otherwise the matrix would be of rank less than r. 

If a matrix A, symmetric or not, has its ratios Ai :Ai:--- : Ain 
identical, the same will be true after a row has been multiplied by a constant 
and added to another, and vice versa. The rank is also unchanged by this 
transformation. In proving that the ratios A; :Am:---:Ad are all 
equal, in the sense described above, for a matrix of rank 7, it may be supposed 
without loss of generality that Aj, is the principal minor of order r in the 
upper left-hand corner of A, and that it is different from zero. If the first 
r rows of A are multiplied by suitable constants and added to the remaining 
ones, it can be brought about that all the elements of A below A1, are zero. 
Since the resulting matrix has still rank 7, it follows that all the other ele- 
ments of the last m — r rows must also be zero. But in that case the rows 
of elements Aj1, Av, ---, Ain are all zero except when 2 = 1, and all the 
rows have the same ratio. 

Since at least one X; is different from zero it follows from the italicized 
theorem above that at least one principal minor is different from zero. If 
any minor A,;, of order 7, which is not principal, is different from zero, then 
at least two principal minors do not vanish, namely, A;; and Az, The 
sum of the principal minors of order r is evidently 


DA;; == MDX.,*. 


For the case of a matrix of real elements this is evidently different from zero, 
and all the principal minors which are different from zero have the same 
sign. 

I am indebted to Mr. Meyer Gaba for the suggestion that the methods 
used above should also be applicable to Hermitian matrices for which any 
pair of elements symmetric with respect to the principal diagonal are 
conjugate imaginaries. This is in fact the case, and the minors of order r 
of a Hermitian matrix of rank r can be expressed in the form 


A sp = MX ,'X, (1, k = Ie 74. = ekrs Nn), 


where X,’ is the conjugate to X; and M is real. 

Any skew symmetric determinant of odd order is necessarily zero. 
Hence if a skew symmetric matrix is of odd rank 7, all the principal minors 
of order r vanish. By an argument similar to that above it follows that 
for an element X;, different from zero the only value of M satisfying the 
relation Ax, = MX,’ is zero. Hence all the minors A; vanish. In case 


the rank r is even the minors have again the form (1). 
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A SUBSTITUTE FOR DUHAMEL’S THEOREM. 


By GitBert Ames Biss. 


Every teacher of the calculus, at some period in his course, finds himself 
facing the difficulties of deducing in an elementary way the expressions for 
geometrical or physical or mechanical quantities as definite integrals. The 
methods which he may use must be simple enough, in their rougher and 
more intuitive forms, to be comprehensible to beginners in the study of 
the subject, and yet they should be capable of refinement and precision 
without serious alteration, by filling in interstices, in order to satisfy the 
rigorous temperament of the more mature mathematician. 

Two papers, by W. F. Osgood and R. L. Moore, explaining the use of 
Duhamel’s theorem in this connection, have appeared in the Annals,* 
and have suggested to me the presentation of the present paper. I must 
confess that the theorem of Duhamel seems to me to be a somewhat clumsy 
and unsatisfactory instrument, though this is a subject upon which I find 
wide variations of opinion among my colleagues in various sections of the 
country. In its original form, and as it is at present stated in many of the 
elementary text books, the theorem conceals questions of uniform con- 
tinuity, which are as essential in some form or other to the study of definite 
integrals as the notions of limits are to the differential calculus, and 
gives no intimation that something is lacking in the argument. This 
objection has been removed in the two papers referred to, but in a way 
which I find difficult to make intelligible to elementary students. For 
this reason I venture to lay before the readers of the Annals the theorem and 
methods of application explained in the following paragraphs. Needless 
to say I do not attempt to explain in an elementary course the notion of 
uniform continuity, notwithstanding its very great importance. But I 
try to leave a framework of proof in the mind of the student, of such a 
character that the moment he discovers uniform continuity, that moment 
he may also understand its application in the deduction of the theorem. 

The theorem of § 1, which is the kernel of the paper, is in its essentials 
similar to those of Osgood and Moore, though different in form. I do 
not hope to convince my readers at once of its utility as compared with that 
pa Osgood, The integral as the limit of a sum and a theorem of Duhamel’s, vol. 4 (1903), page 
161; Moore, On Duhamel’s theorem, vol. 13 (1912), page 161. 

+ The theorem and some of its applications were incorporated at my suggestion in a master’s 
thesis by Mr. L. B. White entitled “Some applications of uniform continuity in the theory of 


definite integrals,’ The University of Chicago, 1910. 
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of Duhamel’s theorem, though in my own courses it has seemed to be 
effective. But at least I should like to submit it for their consideration. 

1. A Theorem Concerning Definite Integral Sums. Let us consider a 
function of the form f(p, p’, p’’), where p is a symbol for a set of values 
(x, y, 2), and p’ and p” for analogous sets. The points p, p’, p’’ are to 
range over a closed measurable region V in xyz-space in which f is continuous, 
and hence also uniformly continuous. 

If the region V ws divided into measurable sub-regions with maximum di- 
ameters less than 6 and with volumes denoted by AV; (k = 1, 2, ---, ), and 
af wn each region three points pz, Px, Px’ are chosen, then 


(1) Lim 2 f(s, pv’, peAVs = Limi Df(pn, pe, PAVE = | Ho, p, p,)aV. 


The proof of the theorem is very simple. Since / is uniformly continuous 
in V there corresponds to any positive constant ¢ a second positive constant 
6 such that 

| f(pe; De's De") — f(Pky Diy De) | < € 
whenever x, px’, px’ lie in a sub-region AV; with maximum diameter less 
than 6. Hence when V is divided into sub-regions with maximum diameters 
less than 6, as indicated above, the two sums whose limits are to be proved 
equal differ by a quantity less in absolute value than 


€E DUAVe — eV, 
| 


provided that we let V denote the measure of the original region. The 
second limit in the formula (1) is by definition the definite integral indicated 
on the right, and so the theorem is proved. 

The statement and proof of the theorem would apply exactly as they 
stand in case V were a region in one or two or any other number of dimen- 
sions; and it 1s clear that the method applies also if the number of points 
» selected in AV; were more or less than three. 

2. Applications of the Theorem. In the applications of the theorem of 
the preceding section two principles from the theory of functions of real 
variables are of great service; first, in any closed region a continuous function 
has a maximum and a minimum which it attains at points of the region; 
and second, if the region is connected, every value between the maximum 
and the minimum is assumed by the function at one point at least. These 
are statements which I find that younger students accept readily as being 
intuitively true; in fact, they usually regard one as being somewhat over 
particular if he dwells at length upon the necessity of proof. It is certain, 
however, that no one can penetrate far into a thorough understanding of 
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the calculus without having convinced himself in some way or other of these 
properties of continuous functions. 

The difficulties of the situation are not only mathematical ones, as 
Osgood has very clearly pointed out in his paper. It is necessary in many 
of the applications to presuppose properties of physical magnitudes which 
can not always conveniently be set down in advance. I shall therefore 
base a first application of the theorem as far as possible upon the properties 
of attractive force as stated by Osgood in his paper (page 175). The 
problem is to express as a definite integral the component parallel to the 
x-axis of the attraction of an arbitrary solid upon a particle of mass m 
situated exterior to the solid. It was considered by both Osgood and Moore 
in the papers referred to above. 

The following notations are those of Osgood: 

m = the mass of the fixed particle; 

V = the attracting solid; 

p = the density of V at a point p(a, y, 2); 

a = the angle between the line mp and the wz-axis. 
The density p is supposed to be a continuous function of p. 

Let V be divided into solids AV; as in § 1 each of which fills out a closed 
measurable connected portion of space. For the portion AV, the mass 
will be less than AV, times the.maximum of p in AV;,j, greater than AV, 
times the minimum of p, and hence equal to p,AV;, where pz is an inter- 
mediate value between the maximum and minimum and is surely taken on 
by p at some point p;, in AV,. The attraction of AV; for the particle m 
will similarly be expressible as x«mp,AV;/rz’", where «x is a gravitational 
constant and r;’ is an intermediate value between the maximum and the 
minimum of rin AV;. The projection of the attraction on the z-axis is 
expressible in the form xmp, cos az’’AV;/r;’’, where cos a,’ is intermediate 
between the maximum and the minimum of cos a in AV, and furthermore 
is a value which cos a takes at some point p;’’ of AV;. Hence the total 
x-component of the attraction of V for m is expressible in the form 


(2) X = >) xmpy cos az”AV; |i”. 
=}, 


This would end our labors if we knew how to compute conveniently the 
coérdinates of pz, px’, px’. But as we do not, it is necessary to take the 
limit of the sum on the right as 6 approaches zero. According to the 
theorem of § 1 the value of this limit is also 


nN 


Xe lim >> KN px, COS A; AV;,/Tx? = Hi 
: a 


O=0) k=1 


KMp COS a 
2 


dV 
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found by changing p,;’ and p;’’ both to p; in the sum (2), a; and r; denoting 
the values of a and r at the point p,. 

The area of a surface generated by revolving a plane curve about the 
x-axis may be defined, in the well-known way, to be the limit of the sum 
of the lateral areas of certain inscribed cones. The sum of these lateral 
areas has the form 


De Pew a F(x) 








V1 + [f’ ax’) PAz:, 


where the equation of the curve is y = f(x) and 2;’ s a suitably chosen value 
in the interval Az, of which x,_1 and x; are the ends. According to the 
theorem of § 1, for regions of one dimension, the limit of this sum has the 
value | 








Lim 27 > fla) V1i-+ [f'(a;,)]?Ar, = anf i(e) V1 + [f'(x)]?dz. 


Az=0 


The pressure of a liquid upon the plane wall of a containing vessel can 
be computed in a similar way. We admit (1) that on a horizontal area A 


O y 


Ax, 





Fria. 1. 


at a depth 2 in a liquid there is a pressure equal to wxA, where w is the weight 
of a cubic unit of the liquid; (2) that upon any area B whatsoever there is a 
pressure greater than or equal to the pressure upon an equal horizontal 
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area at the depth of the highest point of B, and less than or equal to the 
pressure upon an equal horizontal area at the depth of the lowest point of 
B; and (8) that the pressure upon the sum of a number of areas is the sum 
of the pressures on the areas. 

Let the area on which the pressure is to be computed be of the form shown 
in the accompanying figure, the y-axis being in the surface of the liquid. 
The function f(a) is supposed to be continuous and the interval O-h is 
divided into n parts Az; (k = 1, 2, ---, ). The area AA, has the value 


AA b= flax) AXx, 


where f(z;) is a suitably chosen ordinate between the smallest and the 
largest ordinates of the interval Axv,. The pressure on AA, has the value 


AP, = wx. fap are 


where x; is a suitably chosen abscissa between the two which bound the 
interval Az; and define the highest and lowest points of AA;,. Hence the 
total pressure on the area A is 


Jes 2 war f(epJArr. 
=i 


As the intervals Az, are decreased in size the expression on the right is 
always equal to the pressure P, and, by the theorem of § 1 for a region of 
one dimension and with two points p; and p;’ only instead of three, we have 


Ba hin SET: = w [- af(a)de. 


Az=0 k=1 
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THE POINTS OF INFLEXION OF A PLANE CUBIC CURVE. 


By L. E. Dickson. 


CONTENTS. 
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Ga linear group. §11. Structure of the linear group LZ. § 12. Equation X solvable by radicals. 
§ 13. Group of the resolvent quartic. §14. Group G for a general cubic curve. §15. Deter- 
mination of the inflexion points. 


1. Introduction. The object of the first half of this paper is to give a 
self-contained and elementary exposition of the geometrical side of the 
theory of the inflexion points of a cubic curve without singular points. 
The object of the second half is to present the algebraic side of the theory, 
including proofs that the equation X of the ninth degree to which the problem 
leads is solvable by radicals, a determination of the Galois group of X for 
certain special cubic curves and for the general one, and a proof that X 
can be solved by means of a quartic and two cubic equations and hence by 
means of three cube roots and four square roots, no one of which can be 
dispensed with in general. 

This interesting problem affords an excellent illustration of the complete 
mastery over an intricate algebraic situation which is possible by the use 
of Galois’ theory of algebraic equations. Readers having little or no ac- 
quaintance with that theory will be able to see from this illuminating 
concrete example what the theory really means and what it can accomplish. 

In his Traité des substitutions, Jordan laid the foundations for the 
applications of Galois’ theory to problems of geometry and analysis, and in 
particular proved (p. 303) that the group of our equation X is a subgroup 
of the linear group L. 

In his Algebra, 2d ed., vol. 2, pp. 390-418, Weber treated the problem 
from the geometrical and group standpoints and made (p. 416-7) some 
correct but unproved statements as to the actual group of equation X. 

While the earlier results in the present paper are classic, the methods 
employed are largely novel and the exposition is especially elementary. The 
material in §$§ 11-15 relating to the definitive determination of the Galois 
group is believed to be new. 

2. Homogeneous Coordinates. Let x and y be the Cartesian codrdi- 
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nates of a point referred to rectangular axes and let 
axtby+ece=0 ( —— baaee) 


be the equations of three straight lines L; (2 = 1, 2, 3) forming a triangle. 
Then 


1 by Ci 
aN es Qo bs Co == 0. 
3 bs C3 


Choose the sign before the radical so that 

ae + by + 

+Va? + Bb? 

is positive for a point (x, y) inside the triangle L,L.L3; then 7; is the length 


of the perpendicular from that point to L;. The homogeneous céordinates 
of a point (x, y) are three numbers 71, 22, x3 such that 





Da 


prt, = kipi, pl, = K2po, pis = k3p3, 


where ky, k2, k3 are constants, the same for all points, while p is arbitrary. 
Thus only the ratios of 21, %2, 23 are defined. The coefficients of k;p,, 
which are proportional to a;, b;, c;, will henceforth be denoted by the latter 
letters. After this slight change of notation, we have 


(1) phi =~ axtbobytea, A+0 Ci ieee eos 
Solving equations (1) by determinants, we get 
ee enon, . Ai = pd Deen pe © os 
where A;, B;, C; denote the cofactors of a;, b;, c; in A. Hence 


(2) aes At; + Acts + Asx uf Bix, + Bote + B3x3 
Cyt + Cox, + Coats’ Y Citi + Cote + Cor3 ° 








Given an equation f(z, y) = O of degree n in Cartesian codrdinates, we 
derive by means of (2) a homogeneous equation $(2%1, v2, X3) of degree n 
in homogeneous coérdinates. In particular, any straight line is represented 
by an equation of the first degree in 21, %2, 23, and conversely. For example, 
Xx; = O represents a side of the triangle of reference. 

Let 1, Y2, y3 be the homogeneous codrdinates of the same point (2, y) 
referred to a new triangle of reference L,/L»’L;'. As before 


(1’) py: = aa + b,'y + c; (7 = 1, 2, 3), 


where the right member equated to zero represents L,’. Solving these as 
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before, we obtain x and y as linear fractional functions of yi, Yo, y3. In- 
serting these values into (1), we get formulas like 


(3) i= Cay: + Cole tacos Dan Cy | IOP tan ee 


Thus a change of triangle of reference gives rise to a linear homogeneous 
transformation of the homogeneous coérdinates. 
3. Euler’s Theorem; Singular Points. Let f(21, 22, x3) be a homogene- 
ous polynomial of degree n, and let 
bee os (atb+c=n) 
be any term of f. Then 
ot 


ot 
V1 Ox, = at, bt," V3 xs = cl, 


Db —_— = 
: OXo 
and their sum is n¢. Hence we have Euler’s theorem 


) ) ) 
(4) ooh + mot + a SR LOM 


If there is a set of solutions 21, %2, x3, not all zero, of 


and hence of f = 0, by (4), the point (a, x2, x3) is called a singular point 
of the curve f = 0. It is essential to know that the definition of a singular 
point is independent of the particular triangle of reference used. Under 
the transformation (8) of codrdinates, let f become 4(y1, y2, y3), so that 
o = O represents our same curve, but referred to the new triangle of ref- 
erence. Then if (x1, %2, 3) is a singular point of f = 0, the same point 
(yi, Y2, Y3) iS a Singular point of ¢ = O since 


dd 2 of Ox; a ea 
OY; a i=1 Ox; OY; ae (j al ibs ne 3h. 








It is easily proved that two or more branches of the curve cross at a 
singular point. But we do not presuppose this geometrical interpretation, 
since we shall always employ the above analytic test. 

4. The Hessian Covariant. The Hessian of f is 
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Let transformation (3), of determinant D, replace f by ¢(y1, yo, ¥3). 
The preduct hD is a determinant of the third order in which the element in 
the ith row and jth column is the sum of the products of the elements of 
the 7th row of h by the corresponding elements of the jth column of D, and 
hence is 


af 


tA E Ci § 
Ox ;0X, 


af 


OX ;0X2 ot) 








+ 


i Oy 0 (= Oc) O257..) Of. a) 


e dx, dy; | Oxy Oy; | Ox3 Oy; 


ax,0t,°"! dx; 
0 0d 
0x, ee ) 


Let D’ be the determinant obtained from D by interchanging its rows 
and columns. By the same rule of multiplication of determinants, the 
element in the rth row and jth column of the determinant equal to D’ - hD is 


ye noe se | x (5) = g (5*) 
Cir aa (Ss) aie Cor O25 ( 5¢ a5 C3r 023 OY; mare OY; OY; 9 


since c;, 1s the partial derivative of x;, given by (8), with respect to y;. 
Hence 








02d 
OYrOY; 





Dh = 





= Hessian of ¢. 
(hy ela V5 GI 

Thus any linear transformation of determinant D which replaces f by 
¢@ also replaces D*h by H, where h is the Hessian of f and H is the Hessian 
of ¢. In other words, H = O represents the same curve as h = 0 when 
referred to the new triangle of reference. Accordingly, in investigating 
the relations between a curve f = O and its Hessian curve h = 0, we may 
without loss of generality assume that f = O is referred to any special 
triangle of reference. 

5. Inflexion Points of a Cubic Curve. Let f(x, 22, 73) be a homogeneous 
polynomial of the third degree, such that f = 0 has no singular point. 
Choose a triangle of reference having the vertex P = (0, 0, 1) on the cubic 
curve f = 0. Then there is no term involving x33. In the terms rvx;? 
and sxov3”, r and s are not both zero, since otherwise P would be a singular 
point. Taking rz, + sz. as the new variable x:, we see that f becomes 


3°01 + 13(ary? + bay. + Cre”) + H(41, 22). 
Replacing x3 by 13 — (av; + ba2)/2, we get 
fi = 137% + exzxe” + C, 


where C is a cubic function of 21, 22, whose second derivative with respect 
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to x; and x; shall be designated by C;;.. The Hessian of fi is 


Cy Cie 2s 
hy = C19 Coo + 2€23 2ex> = 8e23° -+- IAG 
223 2exX» 221 


Thus P = (0, 0, 1) is on hy = Oif and only if e = 0. 

Let d be the coefficient of 2.3 in C. Then x; = 0 meets f; = 0 in the 
points for which (exr3 + da2)x2" = 0. Two of these points are identical 
with P, so that x; = 0 is tangent tof; = Oat P. The three* points coincide 
if and only if e = 0, and P is then called an inflexion point of f; = 0 and 
x, = 0 the inflexion tangent at P. Hence P is on h; = 0 if and only if it 
is an inflexion point of f,; = 0. In view of the remark at the end of § 4, 
we have | 

THEOREM 1. Lach intersection of a cubic curve f = 0 without a singular 
point with its Hessian curve h = 0 ws an inflexion point of f = 0, and con- 
versely. 

There is at least one intersection of f = 0,h = 0. For, by eliminating 
%3, we get a homogeneous equation in x, and 22, having therefore at least 
one set of solutions 2;’, x2’. Then for x; = 21’, % = x2’, our equations 
f = 0, h = 0 have at least one common root x3 = x3’. Then (21’, 22’, X3') 
is an intersection and therefore a point of inflexion of f = 0. | 

Take this point as the vertex (0, 0, 1) of a triangle of reference. As 
above, we get f: = 0, where now e = 0,d + 0. Taking a suitable multiple 
of t. aS a new X%, we haved = 1. We add a suitable multiple of x: to 22 
to delete the term 227x;, and get 


(5) ee os"t, + OG, C = 203 + 8bx00,? + ax,’. 
Its Hessian H is the’ determinant h; fore = 0. Thus 








Ci2 Coe 
= 722 (bx? + QAX1X%2 — 67217) aa 247 "Ts. 
Eliminating x3? between F = 0, H = 0, we get 
Lo" a 662741? + 40%%1° = 302434 oot OY, 
*If d =e = 0, fi haS the factor v1. But if f; = 71Q, 
oft oq) Of: - dQ of 0Q 


BOSS 41— =o 
0x1 Q ne : 0X1 : 0X2 : 0x2’ 0x3 : 0x3 





all vanish at a point of intersection of x; = 0, Q = 0, whereas f; = 0 has no singular point. 
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If x, = 0, then x, = 0 and we get the known inflexion point (0, 0,1). For 
the remaining intersections, we may set x; = 1. Then for each root of 


(6) r* + 6br? + 4ar — 3b? = 0, 
we get two inflexion points (1, r, + s), where, by F = 0, 
(7) = ss? = 3 + 8br + a. 


In fact, no root of (6) makes s = 0; in other words, (6) has no double root. 
For, by eliminating r between the quartic and cubic equations, we get 
a? + 4b? = 0. But, the three derivatives of F with respect to x1, 22, X3 
are all zero at (1, x, 0) if 


Yi Ou 0, 2b4 +a = 0. 


These are satisfied by « = 0 if b = 0, and by x = — a/(2b) if 6 + 0, 
whereas F' = 0 has no singular point. Hence 


(8) a* + 4b + 0 
and we have proved 

THEOREM 2. Any plane cubic curve without a singular pownt has exactly 
nine distinct inflexion pornts. 

6. Inflexion Triangles. For a fixed root r of (6), the three points 
P= (0, 0, 1), Gd, 7, +) are collinear, being on the line x, = rz;. We 
may start with any one of the nine inflexion points in place of P. Hence 
they lie by threes on 9 - 4/3 lines. | 

THEOREM 38. The straight line joining any two inflexion points of a cubre 
curve without singular points meets the curve in a new inflexion point. The 
nine inflexion points lie by threes upon twelve straight lines, four of which pass 
through any one of the nine points. 

The six inflexion points not on a particular one of these lines lhe by 
threes upon two further lines, and the three lines are said to form an inflexion 
triangle. There are 12/3 such triangles. 

THEOREM 4. The nine inflexion points le by threes upon the sides of 
any one of the four inflexion triangles. 

The last theorem follows also from the important formula 


1 
(9) aj H eileen ie = ta) %3” — — (ra, + kas)? , 


where k = (r? + 3b)/2. The two straight lines represented by the last 
factor contain the six inflexion points (1, p, -- a), where p is a root + r of 
(6) and, corresponding to (7), 


—o* = p?+ 8bp + a4. 
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The condition is ro? = (rp + k)?, which follows from (6) and 
p> + rp? + (6b + r?)p + r? + 6br + 4a = O, 
the equation satisfied by the roots + r of (6). 

Hence, for each root r of (6), H + 24rF = 0 is an inflexion triangle. 
A like result follows at once for our initially given cubic curve f = 0. For, 
f was transformed into F by a linear transformation of a certain determinant 
6, and F is replaced by a like form by the transformation which multiplies 
x3; by 6 and 2, by 6-?, of determinant 6!. Hence the product of the two 
transformations is of determinant unity and replaces f by aform Ff. Hence 
it replaces the Hessian h of f by the Hessian H of F ($4). If the reduction 
of f to F were actually carried out, a and b would be found as certain functions 
of the coefficients of f. Indirect methods of finding a and 6 are given later. 

THrorEM 5. Jf f = 0 is any cubic curve without singular points and if 
h is the Hessian of f, then, for each root r of (6), h + 24rf = 01s an inflexion 
triangle of f = 0. 

7. Usual Canonical Form of a Ternary Cubic. Consider a plane cubic 
curve C; without a singular point. Take as triangle of reference one having 
two vertices (1, 0, 0) and (0, 1, 0) at two inflexion points and two sides 7, = 0; 
x, = 0 as the corresponding inflexion tangents. Let f = 0 be the equation 
of C; referred to this triangle. Then 


PS Oob tes aay ees, 
where ¢ is a constant, while ¢ and w are quadratic functions. Thus 
(10) iy = L1Lol + ee l = W011 -b ApXo + 13% 3. 

Then aia. + 0. For, if ai = 0, the three partial derivatives of f vanish 
when 2; = 1, x. = 23 = O and (1, 0, 0) would be a singular point. Simi- 
larly, if ag = 0, (0, 1, 0) would be a singular point. 

Kividently | = 0 is an inflexion tangent; it meets 7; = 0 at an inflexion 
point distinct from (1, 0, 0) and (0, 1, 0), since aia, + 0. We thus have 
another proof of the first part of Theorem 3. 

Take as new variables 21, 22, 23, where 

Q1X1 = we, + wz. + 6, AX, = w'2, + we. + 6, C= — 44303, 


where w is an imaginary cube root of unity. Then 


eee tC, 
C CL ae? 
— G1e% 1X2 = | 2. C 21| = 213 + 2.3 + c? — 82,200, 
ot ie) ae 


ay A1dof gy ra ae Z0° Care (a;dot a air 3°) X3° ~t 132129X 3. 
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The coefficient of x3° is not zero, since otherwise the three partial de- 
rivatives of f would vanish for 2; = z. = 0 and there would be a singular 
point. Hence by taking a suitable multiple of x3 as 23, we get 


(11) f = a(21? + 2.3 + 23°) + 68212023. 


We saw that x; = 0 intersects the cubic (10) in three inflexion points. 
Hence z3 = 0 intersects (11) in three inflexion points. By symmetry, the 
same is true of 2; = 0 and of 2. = 0. Since a non-vanishing codrdinate 
may be taken to be unity, we obtain at once the nine points of inflexion of 
bl isi: 

( 0, 1, a3 I) ( 0, iy 1 w) ( 0, I 7, w”) 


(12) = 1, 0, 1) i Ww, 0, 1) hee w?, 0, 1) 
( Ly pans ih Q) ( 1 — W; 0) ( lh ad w?, Q). 
The Hessian of (11) is 6°g, where 


(13) g = — aB?(2Z12 + 2.3 + 233) + (a? + 26°) 212023. 
The functions f and g are linearly independent since 
(14) = a(a® + 86%) + 0. 


In fact, the partial derivatives of f vanish if 
az" + 2Bee%3 = azo? + 282123 = a3” + 28212. = O, 


which are satisfied when 2; = 2 = 6, 23 = — a/2, if a? + 863 = 0, and 
when 2; = 2, = 1, 23 = 0 if a=0. In view of (14), the intersections of 
f = 0, g = O are those of f = 0, 212.2; = 0. Hence the nine points (12) 
are the only inflexion points of f = 0. 

The three points in the 7th row of table (12) lie on the line z; = 0 in 
view of their origin. The three in the first, second and third columns lie 
in the respective lines 


(15) 2: + 2 +23 = 0, w?21 + wee + 2s, we, + w22, + 23 = 0. 


If we multiply the first codrdinate of each of the points in the respective 
columns (12) by w, we obtain three sets of three points, the first set being 
those in the main diagonal of table (12) and the other two sets being those 
in the positions of the elements of a determinant of the third order which 
yield the remaining two positive terms. Hence they lie by threes upon the 
lines derived from (15) by replacing 2; by w72,. 

But if we multiply the first codrdinate of each point in the respective 
columns by w”, we get those corresponding to negative terms of the deter- 
minant, which therefore lie by threes upon the lines derived from (15) by 
replacing 2; by w21. 
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We thus have a new proof of the second part of Theorem 3 as well as 
of Theorem 4. Moreover, we now see just how the nine inflexion points 
are distributed into twelve sets of three collinear points. This distribution 
can be described most briefly by employing for the nine inflexion points 
the notation [£], where £ and 7 take the values 0, 1, 2 independently. To 
the table (12) we make correspond 


[00] [12] [21] 
(16) [11] [20] — [02] 
[22] [01] [10]. 


TuroreM 6. Three inflexion points [£1, ni], [é, ne], [Es, 73] are collinear 
uf and only uf ) 
(17) bit ee lacs m + 72+ 13 = 0 (mod 3). 


From (11) and (13), we get 
(18) dz32223 = ag + aff, dzz;3 = — 66g + (a® + 26%)f. 


By the first, g + 6°f = 0 gives one inflexion triangle. The product of 
the left members of the sides (15) of another inflexion triangle is 








C1 4262 663 

Z 
23 #1 £2) = Dai = 3212023 = CBee oe [— og “re (a a 6) 5 
Cou eS Ae] 


by (18). The remaining two inflexion triangles are obtained from the last 
by replacing 2; by w?z; or wz:. In view of (18), we have only to replace a 
by w’a or wa in our final result. We thus get the 
Lemma. The four inflexion triangles of (11) are 3g + 7f = 0, where 


(19) Pc ae 3B”, aah (a ae 8)”, ~ (wor ane Die Bre ty G73 


The quartic having these four numbers as roots is easily found. First, 
a, wa, wa are the roots of 7? — a? = 0. Diminishing each root by 6, we 
obtain the equation 

Cf te) aa aU 
Then (a — £)?, etc., are the roots of a cubic obtained by transposing the 
terms of even degree, squaring, and replacing y? by z. By inspection, we 
get 
2(z + 387)? = (— 862 + a® — B*)?. 

Hence the last three numbers (19) are the roots of the cubic obtained by 
replacing — z by 7. Multiply the new cubic by r — 36%. We get the 
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desired quartic (6), in which 
(20) b = B(a® — £6), a = ta® — 5a%B* — 268, 


We have therefore a second proof of Theorem 5. 

8. Nature of the Coefficients of Quartic (6). For two special cubic 
curves (5) and (11), we have determined the coefficients a and 6 of (6). It 
is important for the sequel to know that, just as in these two cases, a and 
b are always rational functions of the coefficients of f. 

First, the four roots of (6) are the only values of r for which ¢ = h + 24rf 
has a linear factor J. For, | = 0 meets f = 0 in three points on h = 0, 
which are therefore inflexion points. Thus / is one of the twelve lines 
through three inflexion points, and there are two companion lines /, and l; 
such that Ill, = h + 24tf, where tis a root of (6). By hypothesis, /(Q = ¢. 
By subtraction, we see that, if r + t, f has the factors / and Q — l,l. and 
hence has a singular point (foot-note in § 5). 

- Next, if 7; — dz. — ex3 is a linear factor of ¢ and we replace x; by 
da, + ex3 in d, we obtain a cubic function of x2, x3, whose four coefficients 
must vanish. Eliminating d and e, we obtain two conditions in which r 
and the coefficients of f enter rationally and integrally. If we free the 
greatest common divisor of their left members from multiple factors, we 
must obtain a quartic function of r whose coefficients are rational in those 
Ola: 

THEOREM 7. The four inflexion triangles of a cubic curve f = 0 without 
singular points depend upon a quartic (6) whose coefficients a and 6 are rational* 
functions of the coefficients of f. 

9. The Equation X for the Abscissas of the Nine Inflexion Points. 
Let R denote the set or domain of all rational functions with rational 
coefiucients of the coefficients of the equationf = Oofthecubic curve. After 
applying a linear transformation on 2%, 22, 23, with coefficients in R, we 
may assume that x3 + O for each inflexion point (we have only to take a 
new triangle of reference whose side x; = 0 does not pass through a 
point of inflexion). Pass from homogeneous to Cartesian codrdinates by 
setting 2 = 1/x3, y = %2/x3. After rotating the axes through a suitable 
angle with a rational sine and cosine, we may assume that the y-axis is 
not parallel to any line joining two inflexion points. Then the abscissas 
21, ***, Ly Of the inflexion points are distinct, and the equations (with coef- 
ficients in R) of the curve and its Hessian curve uniquely determine the 
ordinate y; of the inflexion point (#,, y:) as a rational function of x; with 
coefficients in R. Thus, by eliminating y* and y? between the equations 

*In fact, integral functions, since otherwise a root r would be infinite for certain f’s. The 


expressions for S = b, 7’ = 4a are invariants of f, first computed by Aronhold and given in full in 
Salmon’s Higher Plane Curves, §§ 221-2. No use is made of these long invariants in this paper. 
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of these two curves, we obtain y expressed as a rational function of x in R 
with denominator not zero at an inflexion point. By substituting this 
expression for y into f = 0, we obtain the equation X for the nine abscissas 
of the inflexion points. The relation 





hie) ake © ik 
ry y; 1/=0 
Uke Yk 1 


between the codrdinates of three collinear inflexion points gives a rational 
relation ¥(x,;, 2;, x.) = 0, with coefficients in R, between their abscissas. 
By means of y = 0 and X, we can express x; as a rational function of 2; 
and x; with coefficients in R (Theorem 3). Consider, conversely, three 
inflexion points whose abscissas satisfy y = 0 and let the line joining two 
of them (2;, y;) and (ax, yx) meet the curve at (a, y); the latter is an inflexion 
point, so that « = x; and hence y = yj. 

THEOREM 8. Three inflexion points are collinear rf and only rf their 
abscissas satisfy the rational relation Y = 0 with coefficients in R. 

Let G be the group of permutations of 71, ---, x)» such that every rational 
function of x1, ---, % with coefficients in R which is unaltered by all of 
the permutations of G equals a number in the domain R, and conversely. 
Then G is called the Galois group of equation X for the domain R. 

Let a permutation of G replace three roots 21, 22, 73 for which (1, 22, 2X3) 
= 0 by the roots 2,, x,, 2. By the converse property just stated, 
V(a,, %s, %:) = 0. Hence Theorem 8 yields 

THEOREM 9. Lvery permutation of the Galois group G of the equation X 
for the nine abscissas of the inflexion points replaces the abscissas of any three 
collinear inflexion pornts by the abscissas of three collinear inflexion pornts. 

10. Galois Group G a Linear Group. Henceforth, we shall denote the 
abscissas by the nine symbols [£n] used in (16) for the corresponding inflexion 
points. By Theorem 9, Gis asubgroup of the group L of those permutations 
on the nine roots [é] which replace three roots forming a row, column, 
positive or negative term of the determinant of table (16) by a set of three 
such roots, or, by Theorem 6, which replace three roots satisfying congru- 
ences (17) by three roots also satisfying them. 

For each set of integers a, ---, C, the linear substitution 


Caos 
(21) £ =at+ bn +c, n =AE4+ Bn t+ C, “ne (mod 3) 


gives rise to a permutation of the nine roots [Ey]. For, it replaces two 
distinct roots [£17] and [£72] by distinct roots [£1/n1'] and [£’n’]. If the 
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latter were identical, then 
Cece age 0, A(t; ifs) Bini — 93) = 0 . (mod 3), 


and, in view of the determinant of (21), &: — & = m — m2 = 0, contrary 
to hypothesis. Moreover, the resulting permutation belongs to the group 
L. For, if [én] where 7 = 1, 2, 3, are distinct roots satisfying congruences 
(17), then [é;’n,’] satisfy (17), since 


Dei =a dist bln: + 3c =0, di = 0 (mod 3). 


Conversely, every permutation P of L is induced by a linear substitution 
(21) on the indices. For, if P replaces [00] by [cC] then P = PS, where 
P, is a permutation of L which leaves [00] unaltered and S is that induced 
by 
(22) 2 SSS ik = ai cp (mod 3). 


Let P; replace [10] by [aA], so that a and A are not both zero. Then we 
can find two integers b and B such that aB — bA is not divisible by 3 
Mince me eOLe miakcuvs—20.0 ,—' 1: iffAo—simores stake > = 1) br— 0): 
Hence P; = P2S;, where 8; is the permutation induced by 


(23) Bf =abi+bn 7 =AE+ Bn, aB-—bA#0 (mod 3), 


while P, is the permutation of L which alters neither [00] nor [10] and 
hence not [20] in view of the diagonal term of table (16). Let P. replace 
[01] by [de], so that e + 0. Then P, = P’S2, where S, is the permutation 


induced by 
Seyi dn, ‘= en, 


while P’ is a permutation of L which leaves fixed [00], [10], [20] and [01], 
and hence [22] by the third row of (16), then [11] and [12] by the first and 
second columns, and finally [21] and [02] by the first and secondrows. Thus 
P’ is the identity and P = P,S = P2S,;S = S.S,S._ Since the product of 
three linear substitutions (21) is such a substitution, P is induced by a linear 
substitution. 

Now [cC] was any one of 3 X 3 roots, [aA] any one of 3? — 1 roots, 
[de] any one of 3 X 2 roots. We thus have 

THEOREM 10. The Galois group G is a subgroup of the group L of the 
9-8-6 linear substitutions (21) on the indices &, 7. 

11. Structure of the Linear Group L. There are exactly 3? — 1 in- 
congruent linear homogeneous functions of £ and 7 with integral coefficients 
modulo 3, viz., 


sa Fp me cea: staf -17)) 
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Hence they are permuted by the linear homogeneous substitutions (28), 


which form a group H. The same is true of their squares &, ---. The 
identity J and 
J: c= > 5) ant 


are the only substitutions (23) which leave unaltered each of the four 
squares. For, if the sign of £ is changed, while 7 is not changed, or vice 
versa, then (£ + 7)? becomes (£ — 7)”. Hence there is a (2, 1) correspond- 
ence between the 48 substitutions of H and the permutations on the four 
squares, so that H corresponds to the symmetric group Ge, on four letters. 
As well known, G24 has an invariant (self-conjugate) subgroup Giz, which 
has an invariant subgroup G4, with in turn an invariant G,. It follows that 
H has a series of subgroups of orders 24, 8, 4, 2, each invariant in the pre- 
ceding, so that H is a solvable group. 

The group 7 of the nine “ translations ’’ (22) is invariant in L.* In 
fact, (23) transforms (22) into the translation 


ee eek n =n+Ac+ BC (mod 3). 


Since 7’ has an invariant subgroup of order 3, we have 

THEOREM 11. The linear group L 1s a solvable group. 

12. Equation X Solvable by Radicals. If we make use of the well 
known theorems that any subgroup of a solvable group is a solvable group 
and that an equation is solvable by radicals if its group is a solvable group, 
we obtain, from Theorems 10 and 11, 

THEOREM 12. If R 1s the domain defined by the coefficients of the equation 
f = 0 of a cubic curve without singular points, and 1f X ws the equation for the 
abscissas of its nine inflexion points, the Galois group G of X for R ws a solvable 
group, and equation X is solvable by radicals. 

But we need not presuppose the theorem that any subgroup of a solvable 
group is solvable in order to conclude that X is solvable by radicals. For, 
we shall prove that G is identical with the solvable group ZL in case the 
coefficients of f are independent variables. Since therefore X is then solvable 
by radicals, it will continue to be solvable by radicals when one or more of 
the variable coefficients of f have been given special values. However, the 
use of the theorem that the subgroups of a solvable group are solvable 
enables us to derive the important Theorem 12 without entering upon the 
difficult question of the actual determination of the Galois group G. Sim- 
ilarly,* we may draw important conclusions as to the number of real bitan- 
gents to a quartic curve or real lines on a cubic surface, if we have merely 
proved that the group G of the corresponding equation is a subgroup of 
a certain group and have not actually determined G. 

* Dickson, Annals of Mathematics, vol. 6 (1905), p. 141. 


ae 
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13. Group of the Resolvent Quartic (6). If 1i,-.---, r4 are the roots of 
(6), it is shown in texts on the theory of equations* that 


Y1 = Tile + 13%; Yo = 1173 + Te%a; Ys = 1104 + Tels 


are the roots of 
y® — 6by? + 12b2y — 16a? — 72b? = 0. 


Setting y = z + 2b, we obtain the reduced cubic 
22 = D = 16(a? + 403), 


where D + 0 by (8). The discriminant of (6) is known to equal the dis- 
criminant of z? — D and hence is — 27D?. 

Consider the case a = 1, b = —1. Then D = — 48 is not the cube 
of a rational number, so that each y; is irrational. Hence, in view of Fer- 
rari’s method of solving quartic equations, our present form of (6) 


(6’) rt — 6r? + 4r —3 = 0 


is not the product of two quadratic factors with rational coefficients. Nor 
has it a rational root, since no root equals + 1, + 3. Hence (6’) is irre- 
ducible in the domain A(1) of rational numbers. The group of (6’) for 
R(1) is therefore transitive; it is not a subgroup of the G3; which leaves y; 
unaltered; nor is it the alternating group Gi since the discriminant of (6’) 
was seen to be — 27D? and hence not the square of a rational number. 
Hence the group of (6’) for R(1) is the symmetric group G24. Since a 24 
valued function of the roots of (6’) is therefore a root of an irreducible 
equation of degree 24, the same is true of the quartic (6) when the coef- 
ficients of f are arbitrary variables. 

THEOREM 13. Let the coefficients of the equation f = 0 of the cubic curve 
be independent variables and let R be the domain defined by them. Then the 
group of (6) for R is the symmetric group Goa. 

CoroLtuaRyY. The adjunction of the four roots of (6) to R reduces the 
group G of equation X for R to an invariant subgroup = of index 24 under G. 

The Corollary follows from Theorem 13 and the Theorem of Jordan,t 
since the adjunction of all nine roots of X reduces the group of (6) to the 
identity. For, the abscissas and hence the ordinates (§ 9) of the inflexion 
points are in the enlarged domain. ‘Thus the ratios of the coefficients of 
the equation of the line through collinear inflexion points are in that domain. 
Since three such lines form an inflexion triangle, it follows from Theorem 5 
that each root r of (6) is in the enlarged domain. 

* Cf. Dickson’s Elementary Theory of Equations, 1914, p. 39. 


+ Traité des substitutions, p. 269; cf. Dickson’s Introduction to the Theory of Algebraic 
Equations, p. 81. 
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14. Group G for a General Cubic Curve. Adjoin the root of (6) asso- 
ciated with the inflexion triangle whose sides are determined by the sets of 
inflexion points 


(24) [00], [01], [02]; [10], [11], [12]; [20], [21], [22], 


corresponding to the negative terms of the expansion of the determinant 
of (16). Then G reduces to the subgroup which permutes these three sets 
(24). This is true of the substitution which merely changes the sign of &, 
or that which merely changes the sign of 7, or of 


f=tto WW =AEt+tn+C (mod 3), 


which replaces the kth set (24) by the (A + c)th set (24). These three 
types evidently generate the group of the 4 - 3° substitutions (21) with 
= 0, aB + 0, A, c, C arbitrary modulo 3, whose index under the total 
group L is 4. Since there are four inflexion triangles, we now have all 
the substitutions of LZ which permute the sets (24). : 
We now adjoin also the root of (6) which is associated with the inflexion 
triangle determined by the three sets of inflexion points 


[00], [10], [20]; [01], [11], [21]; [02], [12], [22], 


corresponding to the positive terms of the expansion of the determinant 
of (16). Since these sets are derived from the sets (24) by the interchange 
of £ and 7, the largest subgroup of Z which permutes these sets is the group 
of substitutions (21) with A = 0. After both adjunctions, the group is 
contained in that composed of 


(25) #=ai+c, n = Bnt+C, aB +0 (mod 8). 

Of these, the substitutions 
(26) f’=ai+e, n =an+C (a = lor — 1) 
permute the rows (16) and also the columns, while & = é, 7’ = — 7 inter- 


changes the rows and columns. The latter is therefore true of (25) if 
a= —B. We have now proved 

THEOREM 14. After the adjunction of all four roots of (6), the group G of 
X reduces to a subgroup = of the group of the 18 substitutions (26). 

Information concerning = is gained from special cubic curves. 

First, we take b = 0,a = — 2in (5). Then (6) becomes r(r? — 8) = 0. 
Hence after the adjunction of the four roots, the domain is R(w), where w 
is an imaginary cube root of unity. But the sides of any one of the inflexion 
triangles involve the radical V2, which is not in R(w) = R(W” — 3). For 
r = 0, the triangle is given by the Hessian — 24z.(a3? + 62,2) of F. For 
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r + 0, the triangle is given by (9), two of whose sides involve the radical 
Vr and hence the new radical V2. Thus > is here of order 2, while the 
group G of X for the domain of the rational numbers is of order 4. 

Next, we employ the special cubic curve 


(27) y = 113 ote 275% a 473° oe 623122%3. 
It is reduced to the canonical form (11) with a = 2, 8 = 1, by 
w= V2 21, V2 = a; V3 = Bu Vso, 


a transformation of determinant unity. The roots (19) of (6) are in the 
domain R(w). By (15) and the remarks following it, the sides of the four 
inflexion triangles involve the single new irrationality 2. Hence > 
is here of order 3, while G is of order 6. 

Consider the cubic curve the coefficients of whose equation are inde- 
pendent variables and let R be the domain defined by them. In view of the 
last results, the order of the group 2 is divisible by 2 and 38. Since (26) is 
of period 2 if a = —1, a substitution (26) of period 3 hasa = + 1. Inter- 
changing the variables if necessary, we may assume that £1is altered. Then 
the substitution or its square is # =é£+1, 7’ =7+t. Introducing 
£ and 7 — té as new variables, we obtain a group 2; conjugate with 2 under 
L and having the substitution é’ = &§+ 1, n’ = yn. The only substitutions | 
(21) commutative with this one are those with a= 1, A = 0, B = 0, and 
b, c, C arbitrary, 2 - 33 in number. It is transformed into its inverse by 
£’ = — £, yn’ = ». Hence exactly 4 - 3° substitutions of L transform into 
itself the cyclic group of order 3 generated by our substitution. If > 
were of order 6, it would contain a single cyclic group of order 3, which is 
invariant under G, since Y is. By the corollary in § 13, G would then be of 
order 24 X 6, which exceeds 4 .- 3°. From this contradiction with the 
preceding result, we conclude that = contains all 18 substitutions (26). 
The order of G thus equals that of H. 

THEOREM,15. If the coefficients of a cubic curve f = 0 are independent 
variables, the group of the equation X for the abscissas of the nine inflexion 
points [én], &, n = 0, 1, 2, for the domain of the coefficients of f, is the group 
L of all linear substitutions on ~— and 7. 

15. Determination of the Inflexion Points. Let the coefficients of the 
equation of the cubic curve be independent variables. The solution of 
quartic (6) requires the extraction of a cube root and three square roots, 
since its group is Gz. After the adjunction of its four roots, the group of X 
is that of the 18 substitutions (26). The product h + 24rf of the linear 
functions which vanish at the sides of an inflexion triangle (Theorem 5) has 
as coefficients numbers in the enlarged domain. The determination of the 
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linear factors requires the solution of a cubic equation. For example, for 
(27) and r = — 1, the factors are x; + Ar. + 2d v3, where A? = 2. Con- 
sider the inflexion triangle determined by (24); after the adjunction of the 
roots of the corresponding cubic equation, the group permutes the roots in 
each set (24). The only substitutions (26) having this property are é’ = &, 
n =n +C, which form a group G3. The group of this resolvent cubic 
is therefore of order 6. In the new domain, the group of the corresponding 
resolvent cubic for another inflexion triangle is G3, whose solution requires 
only the extraction of a cube root. After the adjunction of the latter, we 
have the sides of two inflexion triangles, and their intersections give the 
nine inflexion points. 

THEOREM 16. The inflexion points can be found by solving a quartic and 
two cubic equations, and the solution involves three cube roots and four square 
roots. For a general cubic curve, no one of these radicals can be avoided or 
expressed wn terms of the others. 


THE UNIVERSITY OF CHICAGO, 
May, 1914. 





PROPERTIES OF FOUR CONFOCAL PARABOLAS WHOSE VERTICAL 
TANGENTS FORM A SQUARE. 


By C. M. HEsBBERT. 


In a recent paper* I have shown that if the diagonals of a quadrilateral 
are perpendicular and equal, an infinite number of squares may be circum- 
scribed to the quadrilateral, and that if two squares can be inscribed in a 
given quadrilateral, an infinite number of squares may be inscribed in it. 
In an article in the Bulletin de Academie Imperiale des Sciences de St. 
Petersbourg, vol. VII, p. 177, Thomas Clausen pointed out an apparent, 
though only apparent, dualism existing between the squares in these two 
cases, but was unable to give a satisfactory explanation. This paper shows 
that the squares inscribed in the quadrilateral are a single infinity of the 
coo? squares circumscribed to an infinite set of S-quadrangles, i: e., quad- 
rangles whose diagonals are perpendicular and equal. 

The equations of four confocal parabolas, which we call G-parabolas, 
whose vertical tangents form a square, may be written in the form 


(Gi) y? = 4px + 4p’, (G2) y? =4(p — c)z + 4(p — ©)?, 
(Gs) x? = 4q? — 4Aqy, (Gi) 22 =o —g)y + Ate — 9); 


where c is the side of the square formed by the vertical tangents and the 
common focus is at the origin F’ (see figure). 
The equations of tangents to G, and G, having the same slope m are 


m? 1 i, 
+ (p —c). 





2 
D, and (ts) y= met ons 





(41) y = mx 108 


The equations of tangents to G3; and G, which are perpendicular to 
¢, and #2 are 


gos 


1 
(ts) y= Soa tgs ) and (¢4) ys aapeeee u 


ig. ¢). 


Inspection of equations (t;) and (é,) shows that the distance between 
them is equal to the distance between the lines (#3) and (t,). Hence we have 





* “The inscribed and circumscribed squares of a quadrilateral and their significance in 
kinematic geometry,’ Annals of Math., Vol. 16, p. 38. In the present paper this is referred to as 
“the preceding paper.”’ By an unfortunate oversight references to the work of Thomas Clausen, 
referred to in this paper, and Carnot, Geometrie de Position, p. 374, were omitted in that article. 
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THEOREM I. Any four rectangular tangents to this system of parabolas 
form a square. 

The sect-point of ¢, and ¢3 is the point (q¢/m — p, g + p/m), which lies 
on the line p(p + x) = q(y — q), which is designated by Ji. 

Loci of sect-points (t2, ts), (te, ¢4), (ti, t4), respectively, are 


(Le) (Pi C)(r 1D. eget), 
(Ls) (p —c)(z@+p—c)=(a-—oOly—-@—9), 
(Ls) Crs wey 10) Os il a ic 


SS. 





These are tangents to G1, Go, G3, G4, in pairs, i. e., each of the lines 
Ty, Le, Ls, Ls, is tangent to two of the parabolas and each of the parabolas 
is tangent to two of the lines. 

The coérdinates of the center of the square formed by the four tangents 
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are 


e 


P] 


GaaGe ae fe 


2m , 2m 
and the locus of the center is, therefore, the line 
(M) (2y — (2g — c))(2q — c) = (2p — ¢)(2e + 2p — c). 


THEOREM II. The vertices of the variable square formed by the rectangular 
tangents of Theorem I always le on straight lines which are tangent to the 
parabolas in pairs. The center of the variable square lies on a fixed straight 
line. 

The results of this paper thus far, if considered in connection with the 
results of the preceding paper, show that there is a (1, 1) correspondence 
between points of the parabolas and points of the sides of the quadrilateral 
whose inscribed squares envelope these parabolas. For, in the preceding 
paper we saw that the quadrilateral uniquely determined the four confocal 
parabolas while in this section we have shown that the four confocal para- 
bolas uniquely determine a quadrilateral. To every point on a side of the 
quadrilateral corresponds a side of an inscribed square and thence a point 
of one of the parabolas, and conversely. We shall use this property instead 
of carrying out some extended analytic processes in what follows. 

Any line, y = nz, through the focus, cuts the parabolas G; and G» in 
the points 





; 2p + 2pV1 + n? 2p + 2pV1 + n? 
ate ( n? eee) 
and ols 
(": (eo2 + 2(p — c)V1 + n’? 2(p — c) + 2(p —o)V1 ey 
; n? Z nN : 
respectively. 


The length of the segment cut out of the line by these two points is 
dy = 2c(14WV14 n?2)V1 + n?2/n?. 

The line y = — 2/n, perpendicular to y = nz, cuts G3; and Gy, in 
the points B’ (2g + 2qgV1+n?)/n, (— 2q 4 2qVv1 + n?)/n?) and D’ 
Ze Cha eal deni) Pecan -yit,, Yee tga ac) 2(g —-c) V1 + n?)/n’) 
respectively, and the length of their join is d; = d;, above. 

From this and Theorem IV, Corollary 1, of the preceding paper follows 

THEOREM III. Any two perpendicular lines through the focus of this 
system of parabolas cut the two opposite pairs of this system in four pornts 
forming an S-quadrangle, 1. e., a quadrangle about which may be circumscribed 
an infinite number of squares. 

Since the codrdinates of these four points in the same order satisfy the 
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four equations t,, te, t3, t4, simultaneously, they must be the points of contact 
of a set of rectangular tangents and n is a function of m: n(1 — m?) = 2m. 

Now for a given value of n, the vertices of the infinite set of squares 
belonging to the S-quadrangle so determined lie on four fixed circles, C4, 
C2, C3, Cy. These four circles must be tangent to the four lines, Li, Ln, 
3, L4, on which the vertices of the squares circumscribed to the four G- 
parabolas lie. For, if the circles cut the lines, there would be two squares 
having the same points of contact with the G-parabolas and having their 
vertices on the four fixed lines. This is impossible since there is a (1, 1) 
correspondence between the points of these four lines and the four parabolas. 

The same reasoning applies to the locus of centers of squares corre- 
sponding to given values of n, 1. e., the circle K which is the locus of the 
centers of squares passing through these four points is tangent to the line 
M on which lie the centers of all the squares tangent to the system of para- 
bolas. Analytically, the proof is as follows: 

The circle, K, is determined by the focus F and the mid-points of the 
segments cut out of y = nx and y = — xa/n by the parabolas, i. e., the 
mid-points of A’C’ and B’D’. The equation of this circle K is 


pa 2Durmeelgaetcr— CN) (ee a) 
x? — me oe 





ok 
(c — 2g + 2pn — en)\(1 + V1+n?) 


er n2 y = 0. 








The equation of M, which we have determined, may be written 


OD 4p — 20) 2 Cpe agi de 
Baie 4q — 2c 








The sect-point of M and K, determined by substituting this value of y 


in the equation of K and reducing, has an abscissa given by the value of x 
in the equation 


Anz? + 4n[n(2p — c) — (1+ V1 + n?)(2q — ©)Jx 
qln(2pre oye 1 2) ga) | me 


Since this expression is a perfect square and M is not parallel to the y-axis, 
M is tangent to the circle, K. 

Hence we have five infinite sets of circles Ci, Co, C3, Cu, K tangent to 
five fixed lines, L,, Le, L3, L4, M. Since the circles, whatever the value of 
n, pass through the focus F and are always tangent to these five fixed lines, 
their centers describe five parabolas, P:, Ps, Ps, Ps, Q whose vertices are 
at the mid-points of the perpendiculars from the focus to the five fixed 
lines. The feet of four of these perpendiculars are the vertices of the square 
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formed by the four vertical tangents to the fixed parabolas and the center 
of this square is at the opposite extremity of the diameter of the circle K 
which has one extremity at the focus. Moreover, this center is on the 
line M and therefore, the line M is perpendicular to the diameter men- 
tioned, 1. e., the center of the square formed by the vertical tangents is at 
the foot of the perpendicular from the focus F to the line M. Hence the 
vertex of the parabola Q, which is the mid-point of this perpendicular, is 
the center of the.square formed by the vertices of the four P-parabolas. 

This would follow directly from the fact that the S-quadrangle in this 
case is formed by the four vertices of the G-parabolas and the vertices of 
the P-parabolas and the Q-parabola are the centers of the circles belonging 
to this S-quadrangle. 

The results of this paper may be summed up as follows: 

Given four confocal parabolas whose vertical tangents form a square; 

TuHEorREM I. Any four rectangular tangents to these four parabolas form 
a square whose vertices lie on four fixed lines and whose center les on a fifth 
fixed line. 

THEorREM II. Any two perpendicular lines through the common focus cut 
the four parabolas in four points which form an S-quadrangle, about which an 
infinite number of squares may be circumscribed whose vertices le on four 
circles tangent to the four fixed lines of Theorem I, and whose centers lie on a 
fifth circle tangent to the fifth fixed line of Theorem I. 

TueroremM III. The centers of the four circles in Theorem ITI le on four 
parabolas confocal with the given parabolas, whose vertices are the mid-pornts 
of the sides of the quadrilateral formed by the vertices of the given parabolas, 
and therefore form a square. The center of this square is the vertex of a para- 
bola, confocal with the others of the set, which 1s the locus of the center of the 
fifth circle in Theorem IT. 

Hence we have nine confocal parabolas, five fixed lines, and five infinite 
sets of circles tangent to the five fixed lines and concurrent at the common 
focus of the parabolas. These seem to explain the apparent (though only 
apparent) dualism of the theorems relating to quadrilaterals having an 
infinite number of inscribed squares and quadrangles having an infinite 
number of circumscribed squares. * 


* For mention of this apparent dualism and doubt as to its nature, see the article by Thomas 
Clausen, l. c. 


SOME REMARKS ON CONFORMAL REPRESENTATION.* 


By T. H. Gronwatt. 


1. In recent investigations of the uniformization of analytic functions, 
the following propositiont is of fundamental importance:’ 
When the analytic function 


(1) 2 = f(a) = hae 


effects the conformal representation of the circle |x| < 1 on a simple regiont 

un the z-plane, the area of this region being less than or equal to A, then, 

for every r < 1, the expressions | f(x) | and | f’(x) | have upper boundaries 

for |a| =r which depend on r and A only, and not on the coefficients in (1). 
Koebe gives the inequality 


r 
f@) |< (t+) for pareve ee al 
and Courant the corresponding inequality for f’(x) 
LRG a Ageaae | 
| F(a) | ae EL 
We shall now show that for |«| =r <1 
ie ura ii 1 
| f (x) | == log 2) 
; ee! 1 
lf) |= ve i aeeay 


and that these wpper boundaries cannot be replaced by any smaller ones. 
Under the assumption made on f(z), the circle | x | <'r is conformally 
represented on a simple region in the z-plane, the area of which is 


(3) ne = [do [Li oct") Peas us ron | dn (27, 





(2) 


and since this region is interior to that corresponding to the circle | x| < 1, 


* Read before the American Mathematical Society, October 31, 1914. 
+ Koebe, Journal fiir Mathematik, 138 (1910), p. 222. Courant, Math. Annalen, 71 (1912), 
p. 164, 
t Simple region = schlichter Bereich, a simply connected and nowhere overlapping region. 
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we have 
rn On: | eae 
for any ; <1. A fortiori, the inequality 
don ln |? ioe 
subsists, and letting r tend toward unity, we obtain 


lige: PsA, 


n=1 


whence, observing that the terms of the series are positive, we find by 
increasing N indefinitely 


(4) won| dy a= A. 


On the other hand, it is evident that for |x| =r 


(5) | f(a) | SL | an |r. 
In the Lagrange inequality 


(S00, ) =u! Dee 


n=1 


where Un, Un are any positive quantities such that the series are con- 
vergent, we now make wp = Vn | dn |, Wn = 7”/ Vn and obtain from (5), 


io) © Qn i.) 1 
= al aniaeS —raleeclog. =, 
n=1 n=1 n=1 


whence, using (4), we immediately obtain the first inequality (2). To 
show that the upper boundary obtained is the smallest possible, consider 


the special function 
1 
loge 
EB 1 — rox 
fo(x) = Soa 


peas le re 


where 0 < 7 <1. This function effects the conformal representation of 
the unit circle on a simple region, since for any two different values of x 
inside the unit circle the values of f(x) are different, and from (3) it is 
seen at once that the area of this region equals A. Furthermore, for 


x = 10, we have 
[A 1 
| fo(ro) | Fi Allee — 7? 
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so that the upper boundary (2) is actually reached for the particular 
value r = 1p. 
To prove the second inequality (2), we observe that for |a«| =r 


[s'@) | Soman | 


applying Lagrange’s inequality with u, = Vn | an |, vn = Vn 7", we find 


[ee) i>.) [ee] 1 
Lf ey Se 1 | On |? De ee ne es) 
n=1 n=1 n=1 (1 r) 


and combining with (4), the desired result is obtained. Using the com- 
parison function 

te 
1 — rox 





fola) = (1 — rd) 4 


it is seen as before that the upper boundary cannot be replaced by any 
smaller one. 

2. In connection with his exposition of Koebe’s distortion theorem, 
Fricke* proves the following proposition: 

When 


(6) fle) = 2+ Dana, 


where the power series has no constant term and converges for | a| <1, 
and f(a) does not take the same value for two different values of x inside the 


unit circle, then the maximum M(r) of | f(x) | for |x| =r satisfies the 
enequality i 
Mp) <p Oia <i) 


We shall now show that this inequality may be replaced by 


(7) M(r) < yes. 


Since f(x) takes each of its values but once in the unit circle, z = f(z) 
effects the conformal representation of the unit circle on a simple region 
in the z-plane, containing the point 2 = © (corresponding to x = 0) 
in its interior; to the circumference | x | = r (0 < r < 1) there corresponds 
a closed curve C,, all the points of which are at finite distance, and if 
r > 71, the curve C, lies entirely inside the curve C,,. Consequently 


*R. Fricke and F. Klein, Vorlesungen iiber die Theorie der automorphen Functionen, vol. 2 
(Leipzig, Teubner, 1912), pp. 497-498. 
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Mir) < M(r,), and 

rMr) <= rM (ro) <M (ro), Ober rel. 
But since af(«) is holomorphic for | «| < 1, we have for r S 7 


rM(r) = max. | lean ee max. | af(z) | = roM (ro) < M(ro), 


and this, together with the preceding inequality, gives 
(8) rM(r) < M(ro), ia Ne 


We shall now establish an upper boundary for M(ro), and then determine 
ro so as to make this boundary as small as possible. The area inside the 
curve C’,, is readily found to be 


r(1 —Yn|an lr), 


and this area being obviously positive for every r < 1, we find, letting r 
tend toward unity in the same way as when proving (4), that 


(9) Dna, |? S1. 
Now i 
1 ie) 
M(r) = 5+ L lal, 


and applying the Lagrange inequality and the relation (9) to the right 
hand series in the same way as before, we see that 





1 1 


In the interval 0 =r =1, the last expression has only one minimum 
= 2.242 --- for r = 0.74 ---; taking the latter value for ro, it follows 
from (8) that 


rM(r) < 2.242 ++» <5 for Oar < el 
which proves our statement (6). 
The particular function 
1 
(10)  f@) = E+ en, 


where a is real, effects a conformal representation of the unit circle on 
that part of the z-plane which lies outside of the rectilinear cut from 
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z= — 2e*toz = 2e%. For this function we have 
1 2, 
Me) ie for Or sracer ls 


so that the constant in (7) cannot be replaced by any value less than 2. 
It is probable that, for every function (6) satisfying the conditions stated, 


Mir) = : + r, the equality sign holding only when f(x) has the form (10). 
The proof of this statement seems very difficult; the case, however, when 
all a, are real and not negative, may be disposed of as follows. From the 


assumptions concerning f(x), it is seen that f’(x) +0 inside the unit 
circle, and consequently 


Ol == Dien 0 for Uh Eee ee 
n=1 


since otherwise f’(z) = 0 would have a positive root =r. Consequently, 
letting r tend toward unity in the same way as before, we find 


oO 
Dina, 
3 e 
or 
co 
n=2 
whence zs 


ibe bey 1 2 1 
M(r) ee ante Sp oh ae ane — r”) Sr 


the equality sign holding only for a, = 1 and a, = 0, (n > 1). 
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ON THE MAXIMUM MODULUS OF AN ANALYTIC FUNCTION.* 
By T. H. Gronwattu. 


Carathéodory and Fejért have proved the following theorem: 
Among all analytic functions 


F(a) =a taae+t:-- +a a"+-::: 


which are holomorphic for |x| =r and have the same initial n + 1 coeffi- 
cents Mo, 1, ***, Gn, there exists one, F = f(x), such that the maximum 
modulus of f(x) for |x| =r, which we denote by M(ado, ai, -+-, Gnj 7), 18 
smaller than that of any other F(x). This f(x) 1s uniquely determined by 
the coefficients do, Qi, +++, Gn and the radius r; it is rational, of degree not 
exceeding n, and of constant modulus 


| f(x) | a M (a, G1, °**, An; r) 


un every pornt of the circumference |x| = 1. 

The original proof of Carathéodory and Fejér is based on considera- 
tions belonging to Minkowski’s geometry of convex solids, and E. Fischert 
has shown how to derive the same result from the algebraic conditions 
for the definiteness of certain Hermitian forms. On account of the 
importance of the theorem, the following quite elementary proof may be 
of some interest. 

First consider the case n = 0, that is, only a» is given. From the 
well-known relation 


>| Ga =atmax | F(a) | for "ap ee 


it follows that max | F(z) | for |x| = r always exceeds | ao! unless F(x) = ao; 
therefore we have f(x) = a) and M(ay; r) = | aol. 

Now supposing our theorem proved when ap, a, «++, Gn—1 are given, we 
may show in the following manner that the theorem is also true when do, 
yj, ***, Gy are given. 

* Read before the American Mathematical Society, April 26, 1913. 

+ “Uber den Zusammenhang der Extremen von harmonischen Funktionen mit ihren Koef- 
fizienten und iiber den Picard-Landauschen Satz,’ Rendiconti del Circolo Matematico di Palermo, 
32 (1911), pp. 218-239. 

t “Uber das Carathéodorysche Problem, Potenzreihen mit positivem reellen Teil betreffend,”’ 
ibid., pp. 240-256. 
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Denote by 
M = M(a, G, +++, Gn; 7) 


the inferior limit of the maximum of | F(x) | for |x| = 7; then it is possible 
to select a sequence of functions F(x), F.(x), --- with the given initial 
coefficients, holomorphic for | «| =r and such that, writing 


Mi Maxi ay) for [oA at 
we have | 


(1) lim M, = M. 


v=0 


The linear substitution 


(2) c= is = ros (|a| <1, a conjugate to a) 





defines a conformal representation of the circle |z|=1 on the circle 
|¢| =1 such that z = a and ¢ = 0 are corresponding points. 
Now write” 











HOG) Qo 
MS eM 

(3) G, (2) cy “hh F ey == Cent si ts 10" at Tage oa 6 n—10" le eat g 
 M, M 


then, since | F,(a)/M,| =1 for | 2 | =r and in particular | a)/M,! < 1, it 
follows from (2) that 


GO) i aL for Min See. 


and consequently, making 
(4) dp) ees Coe) _ CL oF Oya ee Ce pt be, 
we have, by Schwarz’s lemma, 


(5) ee ae for Rehese 


1 
r 
Since our theorem is true when the initial n coefficients are given, there 
exists a rational function h,(x) of degree =n —1, holomorphic for 
| 2 | =7, its expansion beginning with 


h,(x) ix Cie 0 | Coit + ig hat or —- Cr a RCT, aie * 


*In § 15 of his paper “Uber den Picardschen Satz,” Vierteljahrschrift der Naturforschenden 
Gesellschaft in Ziirich, 51 (1906), pp. 252-318, Landau considers the converse of our problem, viz., 
the determination of the greatest r for which M(ao, ai, +++, Qn} 7) will take a given value M. 
He also uses the linear substitution (2); but his method is entirely different from that of the present 
paper and does not bring out the constancy of | f(x) | on the circumference | x | = r. 
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of constant modulus m, for | «| = r, and such that 
Tipe an AXe ai (2) | for CCG—11;, 
or by (5) 
1 
(6) My = r ° 
Being of constant modulus for |x| = 7, the rational function h,(x) of 


degree = n — 1 may be written in the form* 


(7) Hoe mer! | 


’ 
rey ave 
ter ee 


where 0 = 7, = 27 and | ¢,| =r. 
Since m,, Y,, C,, are all bounded, we may select an infinite sequence of 
indices 1, »., --- or briefly, a sequence {1} such that 
limes 
{1} 
exists. From the sequence {1}, we may further select a sequence {2} 
such that 


lm m, = m, lim y, = 7; 
{2} {2} 


and continuing in this way, we arrive at a sequence {n + 1} such that 


lim 7m, = m, lim vy, = 7, him® ey een HIME Gye Cre 
{n+1} {n+1} {n+1} {n+1} 
where obviously 
1 
(8) Ds Oy Sas Cu atmeNe—el 2 en 1): 


We now form the rational function of degree = n — 1 


n—1 


(9) (a) =Smer TT" = 0p + Ce + oe + Cpa $e; 

A Xr 

> 
then 
1 
(10) | |A(@z) | =m S- for Pir, 
and since C9, C,.1, --:, Cy, 2-1 are found from the expansion of (7) as 
polynomials in m,e%*, ¢1,, +++, Cnt, ») Ci) ***, Cnt, », With coefficients inde- 
pendent of v, it is obvious that ~ 
(11) lim Came, = Cie lim Oe = Ge wets 's lim One — Can 
{n+1} {n-+1} {n+1} 


* See for instance § 3 of T. H. Gronwall, ‘On analytic functions of constant modulus on a 
given contour,” these Annals, 2d series, vol. 14 (1912), pp. 72-80. 


80 T. H. GRONWALL. 


Equation (3) shows that C,,0, Ci,1, «++, Cy,n-1 are connected with do, a, 
+++, Gn by the relations 





2 
a = (a4, = | | \ Cua — GaiC,, o 





M, 
SI VE ao ia C s = 
an = yee M v»n—l ~~ fiohiC,. n=2 EC a oe es GinGna1Cy, 0- 
Since obviously lim;s,41;M, = M, it follows from (11) that the rela- 
tions connecting Co, Ci, --, Cr—1 with ao, a1, -+-, Gn are obtained from the 


preceding ones by replacing M, by M. If we therefore define a function 
f(x) by the equation 


f(x) _ do 
(12) (a) = ah ee) 
MM 
whence 
ao 
ae + g(x) 
(13) jo) or 


Qo +, 
1+ u 9) 
it follows that the expansion of f(x) begins with 
f(x) =a tax+t---taa+:-:- 


Furthermore 
[Go |? + | a1 |? ee ean cre sey eee a eee 


and letting vy tend toward infinity, 
lao? tlaPe+t---+ la ?2r =M, 


so that | a.| < M (unless a, = a = --- = a, = 0, in which case we 
have previously found M = |ao|, f(x) = ao); therefore, since by (10) 
and (12) 

(14) Lge) .| =| chy) ern tor ecie—as 

we find by comparison of (2) and (13) that f(x) is holomorphic for | «| =r 


and that for | «| =r 
max | f(x) | = M, 


where the equality sign holds only if rm = 1 in (14). But since / is the 
inferior limit of the maximum modulus for all functions F(a), it follows 
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that the equality sign must hold, whence 
1 
(15) | A(z) | = > for |x| =r 


and | g(x) | = 1; hence, by (2) and (13) 

Mice a=) ME fons eet 
We finally have to prove the uniqueness of this function f(a). Consider 
any function F(x) with the initial coefficients ao, a1, ---, dn, holomorphic 
for |“ | =r and such that | /o(x) | 2 M for |x| =r, and form G(x) 
and H,(x) from F(x) by equations (3) and (4), M, being replaced by M; 
then | H,(x) | =1/r for |x| =r, and AH (x) has the initial coefficients 


Co, Ci, +--+, Cnr. Now there exists one and only one function ho(z) 
holomorphic for | «| = 7, having the initial coefficients Co, Ci, ---, Cn—1, 
and making » = max | h(x) | for |«| = ra minimum. This yp is equal 


to 1/r, since otherwise the substitution of ho(x) for h(x) in (12) would give 
an f(x) of maximum modulus less than M. Since consequently 
| Ho(x) | =u for |x| = 7, it follows from the uniqueness of ho(x) that 


Ho(x) = ho(x) = h(a), 
F(x) = f(e). 


It is now easy to set up the algebraic equation which defines M in terms 
of do, a1, ---, Qn. With an indeterminate M, set up equation (12) and 
calculate Co, Ci, ---, Cn, which are obviously rational in M, ao, Go, 
1, Az, ***, Gn. Since the maximum modulus of h(x) for |x| = r is 1/r, 
we form the equation analogous to (12) 

rh(x) — rCo 
1 — rCo- rh(x) 
and calculate the first n — 1 coefficients Co, G1, --+, Cn—_2 In the expansion 
of k(x). The maximum of | k(x) | for | «| = r is evidently also 1/r, and 
repeating the above process, we finally arrive at an equation 

ri(x) — rdo 
1 — rdy - rl(x) 
where only the first coefficient e) in the expansion of m(x) can be obtained 
in terms of M, do, dp, a1, Gi, +--+ Gn, Gn and r by means of the recurrent 
formulas previously obtained. The required equation is then 


lel =*, 


and therefore 


She). = 





CHE) | = 


and the value of M is its smallest positive root. It would be of some 
interest to show algebraically that this equation is identical with the one 
obtained explicitly in determinant form by Carathéodory and Fejér. 
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NOTE ON THE SIMPLE DIFFERENCE EQUATION. 
By J. H. M. WEDDERBURN. 


Boole on his Calculus of Finite Differences derives the Euler-Maclaurin 
sum formula from the expansion of the operator A7! = (e? — 1) in a 
series of positive powers of D so obtaining the well known result 


@) arg(a) =f ola)de — tole) +E (— yr Hts, FELD + aay, 


where w(x) is an arbitrary periodic tan of period unity. This series 
is usually divergent and is besides only applicable to functions which 
possess derivatives of every order. 

If instead of expanding (e? — 1)7' in powers of D we use the series 


ls pel 1 1 
(2) oS SOIL. S 5+ | ppm +5 | 


we obtain another form of the solution of the equation Af(x) = g(z), 
namely 


(3) slo) = —4y@) + f ga +2¥ J cos 2enler — tg (dt + ala), 








the lower limits being arbitrary constants whose imaginary parts are all 
equal and the path of integration a line parallel to the real axis. 

The series (3) has this advantage over (1) that it is usually convergent, 
the conditions of convergence being similar to those of a Fourier series. 
It is however in general discontinuous; for, when the lower limits are all 
made equal to zero, then if 


xz = 0, f(0) = — 39(0), 
ase f(x) = 0, 

+ = 1, fA) = 29(0), 
ear ea Lr ae 


n=xen +1, (a) = ge = De eee -- g(x — n). 


As the derivation of the series (8) is purely formal, it is necessary to 
verify directly that it does satisfy the equation Af(«) = g(x). Forming 
82 


NOTE ON THE SIMPLE DIFFERENCE EQUATION. 83 
Af(a) we have 


Ca! % z+1 
afl) = — Hoe +1) —g@it [> ga +2% [~ cos2ente — dy (at 


— alge 1) — gle) + alg@ £1). 9@)] = g@), 


since the series 
atl 0 a+l1 
il g(t)dé + 2 >» {I cos 2rn(x — t)g(t)dt 
x 1 x 


is the value of the Fourier series for g(x) at the end of the range of integra- 
tion. Hence (3) gives a value of A~!g(x) when g(x) is a continuous func- 
tion capable of being represented by a Fourier series. 

This solution is of course not essentially different from the sum 
formula of Poisson: it is also closely related to the Guichard integral 
from which it may be derived. 

2. As an illustration of the use of our form of the solution we shall 
now derive from it the well known asymptotic series for log I'(a) which is 
a solution of the equation | 
(4) Ne elOoea 


Forming the series for f(x), we obtain as a solution of (4) 


fi(2) 


—ilogz + f loge +2> [ cos 2rn(x — t) log tdt 
1 





(@— loge — 2 +1 +2 —[ Pe Dogs | 


27n 


=. (*sin 2rn(a — 1) 
1 st 2rnt 





*sin 2rn(x — 1) 
27rnt 





= (4 —1)logr —2+14+2>, dt. 


If we now change the lower limit of integration from 1 to , the value 
of the series is only changed by a periodic function of period unity, so that 


sin 2rn(a — ?t) 


fila) =(@—Bloge—et+h-2f ae 





cos 2rn(x — t) 


0 1 2 ie] 
= (@—Hlogz—stkt2D oor t2b/ Qaniye  % 





where k is a constant, is a solution provided the series used are convergent. 
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When z is real and positive, 


"cos 2rn(x — t) the 
— (Qrn)ye dt) = Ve 8 le ape 2 2 (2Qin)?’ 


ia ae ae t=a+m, (n + 0), 


S152 [Geeta = Tal > Gen 


The series therefore converges and 








[S| = 








| 
fo(x) ~k + (a — $) logz —#+7 Lom) 


so long as x does not lie on the negative half of the real axis. It is easily 
shown by the usual methods that k must equal 4 log 27 in order that 
fe(x) may coincide with log T(z). 

3. Another solution of the simple difference equation may be obtained 
by means of the integral equation 


ae a2+1 
(7) f o@a= [sa 
which on differentiation leads to 


g(x) = fle + 1) — f(@). 


As is suggested by the solution of the Fredholm equation, we consider 
first the homogeneous equation 


(8) u(t) = ‘(ie ae { K(x, )u(dde 
where the kernel K(z, t) is defined by 
AEGON re Sah Calne 
= we aera 
=Q0, tr+1<i, 


a being a fixed constant. This kernel has a continuous spectrum: for if 
in (8) we substitute 


(9) u(x) = e*, (k += 2nzt) 
we get, after a simple reduction, 

k 
(10) A= ee ELEY | ) 


so that \ may have any finite value. 
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The theory of integral equations therefore suggests the expansion of 
f g(t)dt in a series of the form 


(11) i g(t)dt = Da,e**. 
If an expansion of this form exists, a solution of (7) is 


Feuer: 
(12) f(x) = 20ite |] ere. 


provided this series is convergent. 
If g(a) can be expanded in a uniformly convergent series 





(13) g(x) = Dbe**, 
then b, = a,k;, and we may set for f(x) 
a 
(14) fa) = 25 en + w(x). 


When g(x) is a real function which satisfies Dirichlet’s conditions, an 
expansion of the form (13) always exists. In particular we have* 


Reta) sin ao -e°™” i e~°“g(t)dt, 


sin 2ac — 2ae 





(15) g(x) = 


where the summation extends over all the roots of 


(16) ¢ +h tan ac = 0, 
and —-a<2 <a. 

None of the roots of (16) make e** — 1 = 0, and as o approaches 
infinity, « approaches the value (2n + 1)7/2a, so that if a is an integer, 
e°’ — 1 remains greater than some finite quantity. Hence the form of 
f(x) given by (14) is convergent and a solution of (7) is therefore given by 


eer Ite ¢ e***(gt +h) sin ac 
f(x) = 201 a ip gus z (sin Zac — 2ac)(e7*—1) J_ 
sin Aes —4) 
Se Otte any: “ny ill gia+z 2ac — sin Sa |l gt) sin $0 dit w(x), 
where the second summation extends only over positive Satresd of o. 
* See for instance Picard, Traité d’Analyse, 2° ed., t. 2, p. 192. 
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NOTE ON THE RANK OF A SYMMETRICAL MATRIX. II. 


By J. H. M. WEpDDERBURN. 


In an earlier paper with the same title, I gave a proof of the theorem,* 
that in a symmetrical matrix of rank r there is a principal minor of order 
r which does not vanish, by first showing that the sum of the principal 
minors of order r is not zero. This is however not necessarily true when 
the coefficients of the matrix are complex as is seen from the examplef 


1 v 
1 el 














The origin of this exceptional case lies in the fact that it is not possible 
to find an orthogonal matrix which will transform the point, or vector, 


(11, 113, 9° * Lin) into (ye 0, sincine 0) when 
(1) te = 15) 


It is however easily shown by induction that the required orthogonal 
matrix does exist when (1) is not satisfied. In extending the theorem 
to complex coefficients we have therefore only to consider the effect of 
null vectors of the given matrix whose tensors are zero. 

If the tensor off 


% tty = (£1 + imi, 2 4a en en) 


is zero, we have 


s=n 


> Ee fee 12, D>, bets = 0. 
f= si ea 


The two vectors, x = (£1, &, «++ &) and y = (m, m2, +: mn), are therefore 
orthogonal and, seeing that their tensors are equal and not zero, there 
exists an orthogonal matrix which transforms them into e, and e, respec- 
tively, e, denoting the vector all of whose coefficients are zero except the 
sth which is 1. 

Suppose now that x + iy is a null vector of a matrix, A, whose rank 
is r. If A is transformed by the orthogonal matrix determined above, 


* Frobenius, “Uber das Pfaffsche Problem,” Crelle, vol. 82, 1877, p. 242. 

+ This example is due to Frobenius. 

t By the sum, x + y, of two vectors is meant the vector obtained by adding corresponding 
coefficients of x and y. 
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the transformed matrix has e; + 2e. as a null vector and therefore has 
the form 











a Voes s Bale Carmen yn 
1a pecans 6.4 1B3 wB4 UBn 
Bs UBs Q33 Q34 A3n 
Ay = ; 
| B4 UB 4 034 
On (ee A3n 
A, has the same rank as the matrix 
a B3 Ba a Bn 
Bs G33. ga) Na, 
As — B4 34 ; 
Ba A3n 














which is symmetric and of order n — 1: for, any minor of A; which does 
not contain any element of the second row or column is also a minor of 
Az; any minor which contains elements of both the first and the second 
row (column) is zero; and one which contains the elements of the second 
but not of the first row (column), and does not come under the case just 
mentioned, is 2 times the minor obtained by replacing the second row 
(column) by the first. 

Since principal minors of A: are also principal minors of A; and the 
order of A, is one less than the order of A; while the ranks are the same, 
the fact that one principal minor of order r does not vanish follows readily 
by induction. 

The proof may also be made by transforming A, by the non-singular 
matrix 
1 O | 


‘fo 


2 
ll 
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which gives 





0 OO 0 

0 a 84 Wer UBn 
C’A,C =| 0 1P1 | O35 <>) Gs, 

0 20, A3n ? é ¥ Ann 











In conclusion we may notice that the characteristic equation of A1 
is the same as that of the matrix obtained by replacing the first and second 
rows of A; by zeros. 


ERRATA 
Volume 16. 


On the Projective Differential Geometry of Plane Anharmonic Curves. 
By Samurt W. Reaves. Professor A. M. Harding has called my atten- 
tion to the fact that equations (33) and (84) should read 


(33) 2¢%a? + 8e'xy — y? + (10 — 4te*a — (2 + t)8e'y+ (2? —10t+17)c*=0, 


(34) y = — 2-32, 
S. W. R. 


NOTE ON NORMAL SECTIONS OF A SURFACE IN A SPACE OF 
N DIMENSIONS. 


By C. L. E. Moore. 


1. In his dissertation Karl Kommerell* discussed surfaces (two-di- 
mensional configurations of points) in a space of four dimensions and 
generalized many of the well-known properties of surfaces in ordinary 
space. The method used was that of ordinary theory of surfaces. In 
this note some of these properties are generalized for surfaces in a space of 
nm dimensions. For the properties considered the generalization is com- 
plete when n = 5. The method here used is that of vector analysis and 
the notation used is that of Grassmann’s Ausdehnungslehre.{ 

2. If we represent a surface vectorially by the equation 


0 GED) 


then the unit tangent vector and curvature vector of a curve traced 
on the surface are dz/ds and d?x/ds?, where s denotes the length of are of 
the curve. The differentials dx and d?x will denote vectors directed re- 
spectively along the tangent and the principal normal. The osculating 
plane of a curve on the surface is defined by 


(1) [dda], 
which on expanding becomes 


[(aidu + xodv) (ayidu? + 2arodudv + woedv? + aid?u + x2d’0] 


2 
ye = [(aidu + aedv)X] + [xix2|(dud*v — dvd?u), 
where 
Ox made: brake t 
ee ee Aa? Ui = aa» etc., 
and 


X = 411dw? + 2xy.dudv + xXe2dv. 


* “Die Kriimmung der zwei dimensionalen Gebilde im ebenen Raum von vier Dimensionen,”’ 
Tiibingen, 1897. A synopsis of the results of this paper is found in an article by the same author, 
“Riemannsche Flichen im ebenen Raum von vier Dimensionen.” Mathematische Annalen, 
vol. 60, 1905. 

+ Gesammelte Werke, vol. I. Good expositions of this analysis can also be found in the 
following places: Encyclopédie, édition Francais, Vol. I.; Nombres Complexes, Study-Carton; 
Universal Algebra, Whitehead; Application de la methode vectorielle, Fehr; Louis Ingold, 
Transactions of the American Mathematical Society, vol. 11 (1910). 
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If du/dv is held fixed and d?u/d?v is allowed to vary, since the parameter 
(dud’v — dvd?u) enters linearly, we see that the plane (2) generates a 
space of three dimensions. This S; is given by 


(3) [aX_X ]. 


For values of d?u/d?v can be found so that the product of x1, x. or X with 
the plane (2) will vanish and therefore the S3; must be that determined by 
these three vectors. The tangent plane to the surface is [x,7.] and is 
therefore contained in the S3; above. ‘This is called the osculateng 3-space 
and is said to osculate the surface along the direction du/dv. If du/dv 
also varies, the osculating S3’s will generate a quadric cone of four di- 
mensions, V.2, since X is quadratic in du/dv. From equations (2) and (38) 
we see that this cone lies in the space of five dimensions 


(4) [2102 11V 2X, 


and has the tangent plane for vertex.* 

3. The normals to a surface at a point P, that is lines perpendicular to 
the tangent plane, will generate a linear space of n — 2 dimensions, which 
we will denote by N,-». The normal space is the complement of the 
tangent plane [x,7.| and according to Grassmann will be denoted by |[a25]. 
The osculating S3 along a given direction du/dv will cut N,_» in a line 
normal to the surface. Hence, of all the curves traced on a surface which 
are tangent to a fixed direction at a fixed point there is gust one whose oscu- 
lating plane contains a normal to the surface. 

Let us confine our attention, for the moment, to a given osculating S3- 
Call the wnit normal lying in it n and the unit principal normal to the curve 
vy. The angle between these two directions is given by the formula 


[n|v] = cos 8. 
From the Frenet formule we have 


ie a 2 
ds ae p’ 


where p denotes the radius of curvature of the curve, and consequently 


| St |=3P _ cos 6 
ds? | PA CAL : 


p 
* These results are due to Del Pezzo, “‘Sugli spazi tangenti ad una superficie o ad una varieté 
immersa in uno spazio di piu dimensione.”’ Rendiconti Accademia della Scienze di Napoli, 1886. 
The treatment is entirely synthetic. Segre obtained the same results analytically in a paper, 
“Su una classa di superficie degl’ iperspazi, ecc.,’’ Atti di Torino, 1907. 
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Expanding the right side of this equation, we have 


[Cer + Qayou'v! + ron” + ayul’ + xev!’’)|n] = 


cos 6 
Ve 





[(riw’? + Qayu'v’ + av”) |n] = 


(The accents denote derivatives with respect to the are length.) The 
right side of this equality does not depend on the second order derivatives 
of uw and v. Therefore if du/dv is held fixed, that is, if we consider a fixed 
osculating S3, we have 





or 
(5) p = R cos 86. 


Here Rk denotes the radius of curvature of the curve whose osculating 
plane contains the normal n of the surface, that is the radius of curvature 
of the normal section of the surface corresponding to the direction du/dv. 
Meusnier’s theorem for surfaces in space of n dimensions is then: On a 
surface in S» the osculating circles to curves passing through a fixed point and 
tangent to a fixed direction generate a sphere tangent to the surface. 

These results are readily generalized for any variety Vin S,. The 
osculating planes of curves tangent to a fixed direction generate an S41 
which contains the tangent S,,. There is just one of these curves whose 
principal normal is normal to the variety. In this S,,,; Meusnier’s theorem 
is the same as for a Vm in Symi. 

4. Corresponding to each direction on the surface there is one curve 
whose principal normal is normal to the surface. This one parameter 
family of normals, corresponding to the different directions traced on the 
surface, will generate a quadric cone. For the osculating S3’s generate a 
cone V,?. This cone is cut by the normal space N,_», in a quadric cone 
lying in the S; formed by the intersection of NV,» and the Ss, [41% 11% 12X29]. 
Hence, the curvature vectors of curves traced on a surface through a fixed 
point and whose osculating planes are normal to the surface, generate a quadric 
cone lying in an 83. We will call these curves normal sections of the sur- 
face. 

From this it is seen that so far as curvature is concerned we have the 
complete generalization when we consider surfaces in S;. This would 
follow from the fact also that the points of a surface near a fixed point to 
infinitesimals of second order all lie in a space of five dimensions. 

If the cone V,? degenerates, that is if 


(6) [11% 2% 11% 12229] mae ay 
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the osculating S3’s generate an S,, and the curvature vectors of the normal 
sections will generate a plane pencil lying in the plane of intersection of this 
S, with Ny_2. 

Segre* has developed the projective theory of the surfaces whose 
coordinates satisfy relation (6) at each point. So far as curvature is 
concerned it is evident that these surfaces have a very close resemblance 
to surfaces in a space of four dimensions. Kommerell showed that in S, 
an osculating S3 (or in this case any hyperplane passed through the tangent 
plane) osculates the surface in two different directions. We will now 
show that this is also true for surfaces in S, which satisfy relation (6). 


The osculating S3 is 
[tite(X1it? + 2rier 4 Lo0)| 7 = du/d, 


and (6) is equivalent to 
RC) Axi + 2B2x15 + C255 a Dx + Ex, =Fh}, 


Eliminating 222, for example, we have 


id.) [v1%2%11] (= — =) + [2142719] (« — =) (for 7 fixed). 


C 


Any osculating S3; can be put into the form 


[a 2211] (e — <) + [x 1X2X19] (: — =) (for t variable). 


The second will coincide with the first, if 


ce-A Ct—B 
7) CA = 1 Cin 





Since this relation is quadratic in ¢ there are two directions along which 
it will osculate the surface. It is easily verified that these two directions 
will coincide if 


(8) Cr —2Br+A=0. 


This is the equation which defines the characteristics of the equation (C). 
Equation (3’) shows that any S3 in the S, defined by [217%11%12%20| = 0 
and containing the tangent plane is an osculating S3. If then we write 
any osculating S3 in the form 


[Xiter11]M + [vitor .|N, 
the directions along which it osculates the surface are given by 


Ca bn I 
M,N 








* Loc. cit. 
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It is easily seen that these two directions are harmonic with respect to 
the two directions defined by (8). Two directions along which the same 
S; osculates are called conjugate directions. The directions of the char- 
acteristics are self-conjugate and are separated harmonically by each pair 
of conjugate directions. 

If not only (6) but also equations 


(9) [1% 110'19] ore 0, [1% 2% 11% 99] = 0 


are satisfied, the same S3 will osculate in all directions. For in this case 
the five vectors 21, %2, 211, Y12, X22 lie in an S3. The normal is the inter- 
section of this S; and N,_». All the normal sections of the surface deter- 
mine the same normal to the surface. Segre* has shown that if two such 
equations are satisfied, and n is greater than three the surface must be a 
developable, that is formed by the tangent lines to a twisted curve. 
These surfaces then, so far as curvature is concerned, behave like surfaces 
in ordinary space. 
5. If we make wu and v functions of a single variable ¢, the magnitude 
of the curvature of the curve thus obtained is 
e722 
(11) CS [a’ |x" ) 
accents denoting differentiation with respect to t. For let 7 denote the 
unit tangent, then 





dx dz diane ads 
Gone dt dsapeieag 4 Gin 
Lae ST, gi = ge + 8/7’ 
Then 
ge |) [s'7(8 a + Ss 7) es [rr |: 
But 
dr z 7’ 
Cs soma 
or 
1p eae 


c denotes the curvature vector. Substituting this value, we have 
[w’a"’] = s”[a’c]. 
Taking the inner product of this with itself, we have 


[ee |e] = 3" (ar' cl ac [= 's’°c?, 


* Loc. cit. 
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or 





va Vx 0"] \[x’x’’] 


a 





But s” = [z’|x’'], which substituted gives formula (11). If we take 








21, 22, +++ Zn aS the components of the vector x we have 
F gat im VE (2,/2;"" es eg)? 
p (Desc ; 


If we take the origin on the surface and take the 2:1, 2. axes tangent to 
the parameter curves, then the components of the vector x can be written 
in the form 

Pai EL as Pay. 2) he 


(12) Z3 = agu? + 2bsuv + cgv2 + ---, 


Zn = Gnu? + 2b,Uv + Ca? + +++ 
A curve on the surface can now be defined by 
(13) v= QU. 


This is, in fact, a curve cut from the surface by a hyperplane containing 
the normal N,,-». For such a curve we then have at the origin 


dv d?y 
tom r, Ape (). 


Using these values the formula for the curvature becomes 


ey3 ( a; aa 2b;r +- xy 
z 1+» ; 


Zi ee Oe 3 eee 


bo 





(14) C 


Putting in the condition for a maximum or minimum, namely 


we have 
D(a; + 2b, + cr*)(ad + (a; — c:)X — 5;) = 0. 


Since this equation is of the fourth degree in ) there are four directions 
of maximum or minimum curvature. 

Kommerell* pointed out that the asymptotic lines on an ordinary 
surface in 3-space satisfy this condition. The theorem that through 
each point on a surface in any number of dimensions pass four lines of 


* Loe. cit. 
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curvature, is general if we admit the asymptotic lines in ordinary space. 
The right side of (14) in the case of ordinary space has a single term 


_ ag an 253 ae eae 
7 1+” ; 





and in this case there are real values of \ which will make c zero if 
bs? — asc > O. But for n >3 we see that there are no real values of A 
which will make the curvature zero on a real surface. 

6. To every direction on the surface corresponds a direction in Ny_». 
This is the intersection of the osculating S; with N,_».. Expressed as a 
product this is 
(15) [aiveX ||[aire] = [avo X |[zse4 ++ - Zn]. 


The complement of the tangent plane [x22] is [2324 --- Zn], since %1, 2 
coincide with 21, 22. Developing this product according to elements of 
the last factor, we have 


[wywoX 24 +++ 25)23 — [Xye2NX 2325 °° + Snlea + [ieeX 232425 °° + Snl25 + ---. 


The directions of the normal corresponding to the direction du/dv are then 
proportional to the coefficients of the 2’s in this vector. From equations 
(12) and (18) we have 


104: 02 .OMeEO A 
Caw © 0 

eee 2.) 101.0 ApeeAe Ape As; 
0 OF ORE 





where A; = a; + 2b,\ + c¢,°. Making use of (14), we can put the normal 
curvature vector in the form 


1 
Ca (ee (A 323 ae iWin Gee se Areal: 


The locus of the end of the vector is then, 
2; = c COS ai, 


where c is the length of the curvature vector oral a; the angle which it 
makes with the z,-axis. The parametric equations of the locus are then, 


VDA? A; A; QQ; + 20;r +- C;N? 


(16) A SWB iyi eee Peese 








Therefore, the locus of the end of the normal curvature vector vs a conic. 
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The radius of curvature is 1/c. Hence the locus of the centers of normal 
curvature 1s the wnverse of the above conic with respect to a unit circle and is 
therefore a twisted quartic lying on the quadric cone generated by the normal 
curvature vectors. 

From equation (14) we saw that c could neither be zero nor infinite for a \ 
real direction on the surface. The conic (16) must then be an ellipse and 
cannot pass through the point on the surface. For a real point on the 
surface there are two imaginary directions for which the curvature is 
infinite or the radius of curvature zero. But for an ordinary real point 
there is no direction for which the curvature is zero. Equation (14) 
however shows that there are directions such that the magnitude of the 
curvature is zero. ‘This would be the case if 


DA? — (). 


That is if the magnitude of the curvature is zero, the curve has the direction 
of aminimum line. Equation (14) however shows that the corresponding. 
point of the locus (16) will not be at the origin unless 4; = 0, which would 
not be the case for a generic point of a general surface. If this last relation 
is satisfied however, there is a direction such that the curvature of a normal 
section is zero which would mean that this direction has three point contact 
with the surface. 

If the codrdinates of the surface satisfy equation (6) the cone of normal 
radii of curvature will degenerate into a plane but the conic (16) will not 
degenerate. These surfaces then behave like a surface in Sy. 

From the fact that the end of the curvature vector traces a conic can 
be seen at once that there are four maxima and minima for c and hence 
passing through each point of the surface are four lines of curvature. 
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AN ALGEBRAIC TREATMENT OF THE THEOREM 
OF CLOSURE. 


By Apert A. BENNETT. 


Introduction. 


1. Among the classic theorems concerning the projective properties of 
a pair of conics, perhaps the most interesting is one due to Poncelet, viz. 
the theorem that if a polygon of n sides can be circumscribed about one 
conic and at the same time inscribed in a second conic, it is possible to 
construct an infinite number of such polygons for the given pair of conics. 
A very elegant demonstration of this theorem may be made by the use of 
elliptic functions, but a parallel algebraic treatment is also possible. 
From an algebraic point of view, we have here but. one example of a 
certain interesting class of problems in elimination. We shall mention 
the general algebraic problem, but shall carry through the details only in 
the hyperelliptic case. Except in so far as is necessary to make the 
algebraic steps clear no discussion will be made of the numerous geometric 
corollaries that suggest themselves. 

The present treatment is an attempt to reduce the problem to its sim- 
plest form and to prove the theorems needed with a minimum of algebraic 
machinery. Little emphasis is placed upon the numerous features which 
serve to individualize the elliptic within the general hyperelliptic problem. 

The functions considered are those well-known in the transcendental 
theory, although the methods of proof are of necessity largely new. 
Constant use has been made of the remarkably clearly written Traité des 
Fonctions Elliptiques by Halphen. 

It should be noted that not only are the operations used in this paper 
algebraic, but that except for a single irrationality, VA, every step is 
essentially rational. Neither the notions of geometric continuity nor of 
convergence of series are required at any stage. Thus the present dis- 
cussion is applicable in its entirety to finite fields, a statement which does 
not hold true of the algebraic treatments already published. 

Extensive references to the literature on the problem of closure in the 
elliptic case may be found in the Encyklopadie der Math. Wiss., III, C 1, 
p. 45 ff., the Encyk. der Geometrie (Simon), p. 105 ff. and in Pascal’s 
Repertorium, II’, p. 238 ff. 


Modern algebraic treatments of the Poncelet Polygons are given by 
97 


98 ALBERT A. BENNETT. 


K. Petr, ‘‘Ponceletsche Polygone,’’ Monatsh. f. Math. u. Phys. 18, (1907), 
pp. 122-137, and Karl Rohn, ‘‘ Das Schliessungsproblem von Poncelet 
..., Berichte d. Ges. der Wiss. zu Leipzig, 60 (1908), p.94. The present 
treatment differs in aim from these and has little in common with them. 

A very admirable summary of the principal theorems upon groups of 
points on an algebraic curve is found in Pascal’s Repertorium, II’, pp. 306— 
355. A good treatise of an elementary sort is Severi’s Lezioni di Geo- 
metria Algebrica. 


An Arithmetic of Points on a Cubic Curve. 


2. Any cubic curve, with or without a double point, but not resolvable 
into curves of lower order, can be reduced by the use of projective trans- 
formations alone to the form 


fi eae ones 


where 6; and 6, are constants and 6,3/6,? is an absolute invariant. 
Any polynomial of the form 


xe + 614 + bo, 


we shall call A(x), and the cubic curve defined by y? = A(x), we shall call 
a curve K. Any point on a curve K we shall call a point P. Any linear 
equation in x and y we shall call an equation L, and the line defined by it 
we shall call a line LZ. This notation is adopted in order to facilitate a 
generalization from the case of the cubic curve to that of the hyperelliptic 
curve, and the same notation will be used in both cases. 

3. If a curve K be written in the form y? = A(z), then with respect to 
this curve and this method of representation, a fixed set of finite points 
on the curve will be said to be in “ general position,’’ if no two of the 
points have the same x-coordinates, i. e., if no two of the points are either 
coincident or are obtainable one from the other by a mere reflexion in the 
x-axis. A variable set of points is said to be in “ general position,”’ if, 
except for a zero dimensional set of cases, every particular position of the 
variable set is in general position according to the previous definition. 

We shall have occasion to use the following theorems: 

(a) Any two finite P’s in general position on K lie on one and only 
one L. This LZ intersects K again in a uniquely determined P. 

(b) There is at least one P on K, such that an L tangent to K at one of 
these P’s, has there contact of the second order, in other words, does not 
meet K at any other distinct point. Such P’s are called “ Inflexional.”’ 

(c) If K be non-degenerate and fixed, and F’ and F'”” be any two curves, 
degenerate or not, fixed or variable, but of the same degree as K and such 
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that the finite points of intersection of Ff’ with K consist of a set S together 
with a single P, e. g., P:, and the finite points of intersection of F’’ with K 
consist of the same set S together with a single P, e. g., P2, while S is in 
general position on K; then P, coincides with P,. We here suppose that 
the common points of intersection of any two of the curves K, F’, and F'”’ 
shall be at most a zero-dimensional set of points. 

(d) The P which lies at infinity we shall call Py. If an L passes through 
P, and through a finite point on K, the equation of L is satisfied by the 
line which is drawn through the finite point and parallel to the y-axis. 
So that any L through Py) meeting K in a finite P, meets it also in a 
second P obtainable from the first by a reflexion in the z-axis. Such a 
reflexion carries an inflexional P into an inflexional P. 

Property (c) states what is often put in the form, ‘“‘ The K’s through 
eight P’s pass also through a ninth,’’ and (d) includes a special case of the 
theorem that an L through two inflexional P’s passes through a third. 

We shall later prove each of these properties (a), (b), (c), (d). 

4. If three P’s, e. g., P., Ps, P,, of K are on a single L, we shall indicate 
this relation by the symbolic equation 


Poee Pep yen 


The P obtained from P, by reflexion in the z-axis, we shall indicate by 
— P, or P_,, so that we may write 


P,+(-— P,) + Po = 0. 


If a P, and a P,, are so related that one is the negative of the other, and if 


furthermore, 
Wha rot airy ame BRC cr th 


then we shall indicate the relation of P, to P, and P, by the symbolic 


equation 
defi = di + fey. 


which yields upon reflexion in the z-axis, 


BP (PY (eee, 
Furthermore, 

pe rae le ar Po, 
and in particular 

Po a Bo + J Ey 


We have thus defined a sort of addition which is obviously commu- 
tative, we shall now show that it is also associative. 

5. Let us take a particular nondegenerate curve K. We will take on 
K, three arbitrary P’s, e. g., P,, Ps, P,. Through P, and Pz, there passes 
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an L, which we shall call Z,’, and through P, and P,, another L, viz., Ly’. 
Let the third P, in which L,’ meets K, be designated by — Ps, and the 
third P in which L,’’ meets K, by — P,. We shall join — P;, and — P. 
respectively with Po, by L;’’ and L3’ respectively. These will determine 
P; and P., respectively, as the third P of intersection. Let L,’’ join P, 
and P., and LZ.’ join P, with P;. We shall prove that the third P on L.” 
coincides with the third P on L,’, and this we shall represent by — Pz. 
The incidence relations may be summarized by the following table: 


bey Lae | ye 
Breas, 2 Pipe oa 
Ligh Ps P. 
D3" ae Ps Ps Po 


We may suppose P,, P,, P,, Ps, P.. — Ps, — P, to be finite and in 
general position on K. Now Ly’, L.’, L3’ taken together constitute a 
degenerate curve F’, and L,’’, L."’, L3’’ constitute another degenerate 
curve f’’’. Hence if we define as — P,, the P which is the remaining 
intersection of L.’ with K, then by property (c) mentioned above, L,.”’ 
also must intersect K in this same — P,. Thus the above incidence table 
is justified. It holds also for special positions, if the L’s exist. 

In terms of the symbolic equations, we shall therefore have 


digg ot ee ag es 
as Try ae UE 
Whaat Pete Jey 
jee yey ee, 


NMR pine 8)) 2 UR es IP) edie 


Hence this addition is associative. 
6. Let us now take an arbitrary fixed P, and any P;. Whenever 
P, + P, exists, we may define P;,, by the equation 


Pies 


Similarly Paves = gee -+- PS and in general epee = epee +- hee 
where n is any positive integer. If now for a particular £ and n, we have 


Pee Clee, 
then by adding — P; to each member we obtain 
Ve. — Po, 


which is independent of the P,; chosen originally. Hence, we have the 
so-called 
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Theorem of Closure. If for a given fixed P, and a given constant integer 
n, and for a single choice of P;, we should obtain Pring = Pe, then the same 
vs true for every chorce of P:. 

Now P,,,, may be determined algebraically from P,, and since the de- 
termination is unique, P,,, is obtainable rationally from P,. The condition 
imposed upon P, in order that P,,, = Po is algebraic, and is known as the 
‘““ Condition of Closure of the nth Order.” 


Two-Two Correspondences. 


7. Suppose there be given any two-to-two algebraic correspondence 
between two one-dimensional projective forms. 

For example, consider the correspondence between the points of a 
nondegenerate point conic, and the lines of a non-degenerate line-conic 
lying in the same plane, when we define the correspondence as being 
between incident points and lines. For any point on the first conic, we 
have two lines through this point and tangent to the second conic, and for 
any line of the second conic, we have two points on this line, and lying also 
on the first conic. This is of course the case of the Poncelet Polygons. 

Any two-two algebraic correspondence between x and M/N, can be 
written in the form 


A(z) M? + 2B(z) MN + I(x) N? = 0, 


when A, B, and [ are polynomials in x of the second degree*. 
8. Let us now start with a correspondence of the form 


(1) AM? + 2BMN + TN? = 0. 


Most of the important properties of this correspondence do not depend 
primarily upon the exact numerical values of the coefficients, but, on the 
other hand, are unaltered when we replace (1), by a correspondence ob- 
tained from it by either or both of the following two transformations: 

(a) Replacing M and N by two linearly independent homogeneous 
linear combinations of them. 

(b) Replacing x by a non-singular linear fractional function of x. 
For the sake of definiteness we may use the freedom at our disposal to 
reduce (1), to a certain normal form. The discriminant of (1), regarded 
as a quadratic in M/N, is B? — AT, which is invariant under (a). It isa 
polynomial in x, and by means of (6), we may reduce the leading coefficient 
to zero, the next to unity and the one following to zero. Thus we obtain 
an expression of the form which we have already called A(x). We shall 


*In the elliptic case M and N are independent of x, but in the hyperelliptic case they are 
polynomials in x, as explained in § 23. 
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hereafter write A = B? — AT. We still have three parameters at our 
disposal by using (a), and these we may choose in such a way as to reduce 
the degree of A by one, and the degree of B by two. We may at the same 
time divide the whole equation (1) by a constant so as to secure that the 
now leading coefficient of A is unity, and hence as may be seen from the 
form of A, that the leading coefficient of Tis minus unity, while the second 
coefficient of I becomes equal to the at present second coefficient of A. 
There are special cases in which this reduction is not possible in just the 
form stated, as for instance when A or A has a pair of coincident roots. 
We shall however for the present exclude such cases. All the significant 
coefficients of A, B, I, A, when these’ polynomials are expressed in de- 
scending powers of x, may be indicated by the following table: 


A; OF oer, 
B; Oro eh Pie 
ib —l,am "1 
A; Ol, 0 neo eee 


Thus we have imposed conditions upon precisely six of the coefficients in 

the correspondence (1), and have done so in such a manner that A= B?— AT 

assumes as leading coefficients the numbers indicated in the above scheme. 
9. We may write (1) in the irrational form 


(2) AD+B=4%. 


This suggests that we consider the following two curves or equations, 

(a) The fixed K, whose equation is y? = A(z), 

(b) The variable L, whose equation is L = 0, where L = AM + BN—Ny, 
is a rational integral function of x and y. 

The variable L meets K in the variable points whose x-codrdinates 
are the roots of (1), considered as an equation in x. But there are also 
certain fixed points of intersection. For when we eliminate y between the 
equations for K and for L, every solution of the equation in x so obtained, 
must be the x-coérdinate of a point of intersection of K and L. To 
eliminate y between the equations for K and L is equivalent to rationalizing 
(2). When we rationalize (2), we at first obtain, not (1), but 


A’M? + 2ABMN + B?N? — AN? = QO, 


which differs from (1), by containing throughout the left-hand member, 
the factor A. When A =0O, the equation for the curve K, y?=A 
(= B? — AT) gives y = + B or — B, whereas the equation for L gives 
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y = B. Thus L and K intersect in a fixed P, for which A =0, y = B, 
in addition to the variable points of intersection already mentioned. 

Not only is this fixed P of intersection determined by A and B, but 
conversely we may choose a finite P arbitrarily on K and find a unique 
A and B so as to obtain a correspondence given in the normal form of (1). 
Indeed from the degree and form of the normalized A and B, respectively, 
we see that these expressions are uniquely determined by the condition 
that for a given P, A = 0, y = B. The A and B so determined are such 
that A — B? is divisible by A, for A — B? must vanish for A = 0, since 
this P is also on y? = A. Hence we may obtain a unique I such that 
A = B? — AT. With these expressions for A, B, I’, the correspondence 
(1) will be in the normal form, and will have the given discriminant A. 

10. Suppose we be given the curve K and also P, and Pz selected 
arbitrarily upon it. Let us consider the rational algebraic process by 
which P,,, may be determined from P, and P,. 

In place of P, we may consider the pair of expressions (A,, B,) such that 
for P,, A, = 0, y = B,, and similarly we shall replace P, in our work by 
(Ag, Bs). The polynomial LZ in x and y, which vanishes for P, and for P,, 
may be written in either of the following ways: 


A,M + B.N — Ny, or A,gM’ + B,N — Ny, 


where N may obviously be taken as the same in the two cases, since the 
two polynomials, considered as expressions in x and y, represent the same 
L, so that the coefficient of y in each case must be the same. We are thus 


led to an identity 
A,M + B,N = AgM’ + BN, 

in which A,, B,, Ag, Bg are known. A comparison of degrees shows that 
in general M, M’, and N are uniquely determined by this identity except 
for a constant factor p’ of proportionality. Now this same L meets K 
again in what we have defined as — P43 or Pais). If Por, be defined 
by Avs = 0, y = Burs, then — P.+, will be defined by using (Ajig, 
— Biz). This same L may therefore be expressed by 


AaaM’ + (— BLL)N oy. 
If A,+, were known, we could then solve for — B,.,, and incidentally 
also for M’’, by using the identity 
A,M + BLN SS Avie M” me BuigN. 
But P,, and — P,:, are determined so far as their xz-codrdinates are 
concerned by a correspondence of the form (1). In fact, for the above 


determined M and N, 
A.M? + 2B,MN + IN? 
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vanishes for Ag= 0 and for A,;z, = 0: Upon comparison of degrees, 


we see that 
A.M? + 2B,MN + TN? = pAgAj+s, 


where p is a constant factor of proportionality. This serves to determine 
A,+g Which was all that was left to find. We shall suppose M and N so 
selected that p? = 1. 

In brief, we obtain A,,, and B,;, from A,, B,, Ag, Bg, by the solu- 
tion of a series of linear equations obtained by equating coefficients in 
the identities: 


a + 2B.MN + TUN?) ="oAaeee 
A.M + B,N-= Ag M’ 4B Ne == sheeicgeenD | N. 


Explicit relations will appear in a more detailed form in § 12, and §§ 23-24. 

If P, coincides with P,, the above method may be slightly simplified. 
In this case A, is identical with A,, so that A», is given directly, and 
incidentally also M and N, by 


A.M? + 2B,MN + TN? = pA, Aga, 
and Bo,, by 
A,M + BLN = Ao, M’’ = Bo,N. 


A discussion of the cases in which this method may break down or be 
specialized owing to the vanishing of the determinant of the linear equa- 
tions, will be made later. ‘This applies to the following section also. 

11. We shall now consider a shorter method of obtaining A,, and Bos, 
than that just given. Let us determine a polynomial A in x such that 


ALA OBeN teu Nee" 0) 


which for a given A,, B,, I’, serves partially to determine A, M, N. We 
may completely determine them by requiring that the coefficient of the 
highest power of x in M? — AN shall be equal to the above-mentioned p. 
The above bilinear form suggests two quadratic forms, whose discriminants 
are, respectively, B,? — A,f, and M?— AN. The first of these is the A 
which we have used to define K, the second we shall now find to be 
simply pA»,. Indeed the identity 


AM? + OR MNGe eae i—2 Awe 


is found to be satisfied when M? — AN is written instead of pA»,, for we 


have | 
A,M* + 2B,MN + I,N? = A,M? — A,AN, 


since A,A = — 2B,M —I..N. Hence for p? = 1, 
Ao, — p(M? cai) AN). 
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To obtain Bo,, we must solve an identity of the form 


A.M -- BLN = Ac,M” — B,.N, 
that is, 


A.M + B,N = p(M?2M” — ANM”) — B,,N, 
Ep MiM’ — NIIM — (Be pAM = oMILN 
where II is arbitrary. If now we choose a II and an M” so that 
pUM MG = NIB see An, 


and that the coefficient of the highest power of x in p(AM” — MII) is 
zero, the M” and II will be fully determined. We shall then have 


A.M + B,N = A.M — (B2, + pAM” — pMIDN, 


whence 
Bo, = — (B, + pAM” — pMII). 


This method is a little more expeditious than the general method of 
determining A», and By», given in the preceding section owing to the fact 
that the polynomials whose coefficients we must equate are here of lower 
degree than by the method of the preceding section. 


Explicit Conditions of Closure. 


12. It will be more convenient for some purposes to use the following 
notation, which differs slightly from that used hitherto in this paper. 
On writing — x, for a in the expression for A,, (cf. §8), y» for 61, and 
therefore — (2,2 + 6,) for yx, we obtain 


Nae Dons 

Bra = Yn; 

ere (0 a amie Ore, 
eet Sie bp, 


where y, = - Va,? + 82, + 6. An equation L = 0, we may write in 
the general form: 





Yas boGistalas 
except in the cases when N = 0, in which cases we have 
LoX +t ly —— Q. 


If an L passes through P,,, and P,,, it will pass also through — Ponin)a; 
while if one passes through P,,,, and P_,,, it will pass also through — P(m_n),, 
and by reflexion in the z-axis we obtain two other combinations. If we 
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be given only A,,, and A,,, it will be impossible from these data to de- 
termine whether P,,, or — Pm,, and P,, or — P,, is intended. In fact 
Am, and A,, determine Aqminjqg aNd Acm—n), by a quadratic construction. 
In other words, if we be given the x-coérdinates only of two of the points 
of intersection of an L with K, the x-céordinate of the remaining point of 
intersection is determined only as being one of a pair of uniquely deter- 
mined points. We exclude for the moment the special case when the 
two given points have the same z-coérdinate. 
Eliminating y between 


y? i ae =F 012 aig do, and Y —— Lex + li, 
we obtain 
1 ro pd 4 (6, ae 21ol1)x oe (52 == 1,?) = 0, 


as the equation satisfied by the x-codrdinates of the points of intersection. 
If we call these coordinates, tm, Xn, and wv’ respectively we have the re- 
lations 


Binet Lai oe ee 
Lmin + Unt’ + 2’tm — 6 = — lols, 
Linkin. + Oot lat 
Eliminating the l’s, we have 
(3) (@m¥n + Une’ + L'Xm — 61)? — 4(tm + dn + 2X’) (Lmtnt’ + 62) = 0. 


This is a quadratic equation in x’, whose roots we have called am, and 
Lm—n. Wemay replace 2’ in this relation by x’ + 2), where 7; is arbitrary, 
and obtain | 


(LmEn + Unt! 4+ nt, + 08m + 11m — 61)? 
— 4m citasel eee een ot Lee O seme 


as a quadratic whose roots are ¢myn — 2; and XYm_n — 2%). Expanding, 
we obtain 


BGs ae Fl 
+ 22" [(tn + Lm) (GmEn + Unt1 + Litm — 61) 
— 2am + on + £1) LmEn — 2(%mLnX1 + 52)] 
+ [mtn + Unt1 + Litm — 51)? — 4 4 Sn + 21) nha 4 02) =U. 
By taking the product of the roots we have 
(Lm — Ln) (mtn — £1) (Smon — 21) = (Lada Bat oe citn 2012 


A ee ee ie eee 
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By symmetry we have the same right-hand member for (x, — 2,)? 
(Vm+t — Ln)(Xm—1 — Ln). Hence we have the relation 


eee a LDN Gye me £1) (ain = x,) ae ees rr 1 )2( Lan ae {2} Cee Fe Le) 


which holds for all choices of x», x,, and 2). 
Let us now replace m and n in the above relation by ml and nl, and 
introduce expressions C having the following relation to the z’s: 
x oe Ly tne Cri eee 
= Cam 
The above formula now becomes 


| CariG —1 Cr ot | | Ore Cine | | Gal —n—1 | 


Crier C207 Ca ACY OPAC: 


se | “aes | ; | te = “a | ; Fears Ly “ete | 
~ AL Care CnC, = Ctx Cr AOS RT Cr OF atc 


This may be written in the form: 


| ; Gael Opa a ad Carian | | OY Gp Ten eee | 
Coe Gna = Or Oe ae C7, Gree Ge ha CNG ak Ohaae 





























a | COs C min 2 
a Coa Oy al ay Cie Abe ; 


We shall now define Cy as equal to zero and C_,, as equal to — C,,. Then, 
for n arbitrary, and m = 0, or m = 1, we have identically 
@.?C a Cen 


(Gee Co CeCe Oe 








But the preceding equation shows that if this equation holds for m — 1, 
and for m, then it must also continue to be true form -+ 1. Therefore by 
mathematical induction, the C’s are such that for all integer values of 
m and n 


(4) Gia C ain c ween oe Cre One Ome — a net ne 
or, aS we may write it, 

Ge A Eft, CG Crs CG FO: —m 
(4 Tes me cae 


13. If we use the abbreviation Fm, , for the fraction CrninCm—n/Cmn?C n?, 
by we may derive immediately from (4’), that for any m1, ne and nz, 


Linas poeta Lenstne atl eng ereee 
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From the fact that by algebra we have directly 


(ee ra een | (Lidar 7 Leen) ae (io neee ee JE ps ea Ge at lee) 
= ie CHa eon ae eae, Ln ae 1 es 


ll 
a 


we conclude that 
TOs, % Uy wee tee wad ai. 7 | ipa | fies eo , | ey = U) 
which gives in terms of the C’s 
Cnt ne’ m— nal net mC ng n4 a Cnet ngl ng nl ryt mC ny— N4 
ae C agp mC ny—mC net ny—ny aU: 


Identities such as these serve frequently to greatly abridge the work of 
determining a particular C in terms of other C’s. We shall now give 
however a general method of determining each C' in terms of the preceding 
C’s. In fact we merely need to write, in (4), first, m + 1 in place of m, 
and obtain 


iI 
(5) Gower a C8 [Cara i CeaG ar 


and secondly, n + 1 in place of m, and n — 1 in place of n, and obtain 


C 


[Ona Cnt pom geil: 

These formule (5) and (5’) serve to determine every Cn, if Ci, Co, C3, C4, 
be known. Furthermore if C2, C3, and C4,:be divisible by Ci, formule 
(5) and (5’) serve to establish by induction that every suceeding C' is 
also divisible by Cy. Also, if Cy 1s divisible by C2, then for n odd, or even, 
every C,, must be divisible by C,. For suppose this to be the case for 
nSv+2. If n be odd, Ci_, and C7,, will both contain C,? as a factor 
so that from formula (5’), C., will contain C, exactly. If n be even, Cn 
as well as both Cyr+2, and Cn_» will contain C2, so that again C2, contains 
C,asafactor. Hence, any choice of Ci, C2, C3, and Ca, for which Ci, C2/Ci, 
C3/Ci, and C4/(Ci X C2), are all polynomials in x), y1, 61, 62, will be such 
that every C, will be a polynomial in these same quantities, X1, yi, 61, 62. 

14. We may notice that in (4) not only are the terms homogeneous, 
each being of the same (fourth) degree in the C’s, but there is also a 
homogeneity of another kind, namely with respect to the square of the 
subscripts. Indeed 


2-1°4+ (m+n)? + (m — n)? = (m+ 1)? + (m — 1)? + 2? 
= (n+ 1)? + (n — 1)? + 2m? = 2(1? + m? + nn’), 
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which we may call the “ quadratic weight ” of the expressions involved. 
Furthermore any expression derived from (4) will be homogeneous in 
both senses. It will be possible to form from C,, C, and C,,, an expression 
of degree zero and quadratic weight zero, which shall reduce to unity for 
n = 1, and n = 2, and vanish for n = 0. Indeed we may write 


Obi. , Cae /3 


ie a CW’) /3 9 





where Ff, is a function of the form desired. For every identical relation 
among the C’s we have an analogous relation among the R’s, obtainable 
by merely replacing C, by R,. In particular we have formule analogous 
to (5) and (5’), where in the present case we may replace R, and R, by 
their common value, unity. Thus we have 


(6) Handi a Tie Le aad eeriies 
(6’) Ron Te dG hie werd avetig aay A ienntd (Aah 


It will be found that R; occurs throughout the entire series of ex- 
pressions R, only in the form R;’, except in those Ff,”s for which n is a 
multiple of three, in which case R; occurs also as a simple factor of the 
entire expression, as is readily proved by induction. 

15. We may write U for R;? and V for Ry. We then have directly 
from (6) and (6’), 


ity 
ie ee tb 

im, = ih, 

ie, aon 
R, = V, 
ee ae oe 


R, = U3(V — U — V), 

he (a Uae V3, 

ay qe ae ONee = yay (e174, 

Ry = UM Vie Sil — V2) Vet, 

i= Ve UNV Ce nets UU —V2)], 
je Ned OP i VOI yy & a eee eh 
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16. Thus far, the C’s and the R’s have depended upon an arbitrary 
integer J. Putting / = 1, we have 





hes Ce atory Osa 
seamen (0 
and more generally from (4), we have 
Ces, 
vn i ar i 


Now 2» is the x at infinity so that x, — x, becomes infinite when and only 
when either z, or x, coincides with xz». Furthermore x, — x, vanishes 
when and only when either 2min OF Xm—n coincides with 2. Thus the 
vanishing of C,, is a necessary and sufficient condition that 2,, coincides 
with 2, provided only that the C’s be integral functions of x; and y. 
This may be readily secured. We have merely to take C, equal to unity, 
and C, equal to — 2y;,, although other choices are also possible. We will 
find immediately that C3; then assumes an integral form, and as we shall 
show in the following section, § 17, C4 is then integral and divisible by C2. 
The discussion in § 13 shows that all the C’s are integral functions of x 
and 44. 

The identity A,A + 2B,M +T.,N = 0, admits, when p is taken as 
minus one, the solutions* 


Nae 
Me eee 

= Oy; V1 1), 
Ne 


The identity 
p(MM” — NII) = A,, 
yields, cf. $11 


1 

11 ae 2 

M — 2Qy1 (321 a8 61), 
1 
I= (x a 21) ar (8277 ++ 61)”. 

The equation, p(M? — AN) = Ag,, gives 

1 
AW es fi Ay Ay? (3a? + 43)’, 


1 
aE ome re (ae nee Zoe —— 86201 + 61”). 
Ay 
*It may be seen that we must throughout suppose that every N is taken as unity, that p 
is always minus unity, and M, M’, and M” for a given L always coincide, in order that the normal- 
izing conditions which we have imposed be satisfied; but cf. §§ 23-24. 
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Similarly the equation B,, = — (B, + pAM” — pMII) gives 
1 
Bo, = See +|- DO 1 +. 2065232 ao DO — 46160%1 eae! (86? + 6,°)]. 
Since Ao, = X — 2%, we may compute C; from 
C3Cy 
Lae C202 6 
In fact 


C; = Se: + 66121’ -t- 126021 =e 077. 


We shall now determine C4. 
17. From the quadratic (3), whose roots are Xmin and %m—n, We obtain 
for the sum of the roots: 


(7) XLmtn oe Ln—n = 





[(2mn@n + 61) (Am + Xn) + 26]. 


an se Ln)? 
Now (@m—n — %1)(&m — Xn)? may be written in the form 


Can Gi Gio, ae an Oita fe Cpe a Cm—nitCn—int WCmin 


CL OSCR Tere CO 

Thus, although (7, — «,)? vanishes for n = m, yet the expression 
(ee c,)* reduces for 1m = m0 Cs, /G,7. Hence for 2 = m, 
we obtain from (7) 





(Es = PAG N AT apse aa One + 26], 
a AC n® ee 
a4) eee 


The sign of B,,,, depends upon the sign chosen for B,, i. e., yi, and may be 
found from the identities 


A,M ae B, = Am aM a Bina = A (m+1).M Ti Bioerie: 
Eliminating M, this gives 
[AG@atia  Acll Bina VG B,] + (Ave os AG Botts ae B,] = 0, 


which is satisfied identically for Bn, = — (Com/2Cm‘), and Bima = 
— (Co(m+1)/2Cn+1*), but not for any other combinations of signs. 

Since, now, we have already found B2,, we may determine C,. Indeed, 
we have immediately, 


Ci = — Ay [x1° + 561017 -+- 206521? — STi = 4616021 a (86.7 + 6,°)|. 
Having found C2, C3 and C4, we may either find the R’s first, or compute 
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the C’s directly by the recursion formule, (5) and (5’). The C’s deter- 
mine a set of “‘ conditions of closure,” C, = 0 being a ‘ condition of 
closure of the nth order.’ 

Thus every C,, is a polynomial in x1; for n odd the coefficients of the various 
powers of X1, are themselves polynomials in 6; and 6, with integral numerical 
coefficients; for n even, the same is true except that y; also occurs as a factor 
of the entire expression. We have just seen this to be the case for C2, 
C3; and Cy. Formule (5) and (5’) serve immediately to establish by in- 
duction the truth of this statement, in all cases. 


Generalization to Hyperelliptic Curves. 


18. The statements in §§ 3-6, 8-11, inclusive, are capable of a wide 
extension without even verbal modification. We shall now proceed to 
present this more general problem. 

Let us take an arbitrary positive integer p, and form a polynomial 
A(a) of degree 2p + 1, of the form, 


A(a) = a?P 4 8x27 4 boa a hOppe1 tt 099, 


the 6’s being constants. The equation y? = A(x) defines a curve K, 
which is said to be hyperelliptic and of genus p. Furthermore this 
equation may be considered as a normal form under a certain class of 
transformations, viz., the birational group, of the most general non-de- 
generate hyperelliptic curve. We shall suppose that A(z) = 0 does not 
admit multiple roots, as otherwise the curve has finite multiple points, 
which we shall suppose to have been removed. We shall carry over 
the definition given in $3, of “‘ general position,’ extending it only by 
defining a set some of whose points are at infinity as being in general 
position, if the set of the finite points when existent is in general position 
in the sense of the previous definition. An arbitrary set of p points in 
general position on K, shall be defined as a set P or simply as a P. 

There are certain variable curves L, having for equations, expressions 
of the form L(x, y) = 0, which meet K in 3p variable points of intersection, 
with perhaps one common fixed point at infinity. These curves are such 
that any 2p of the 3p variable points of intersection may be assigned at 
random, but the curve L is thereby completely identified, and the positions 
of the remaining p intersections are then determinate. We shall consider 
the form of Z, and show that the L’s which we obtain satisfy not only 
the properties (a) and (b), but also (c) and (d), mentioned in § 3 as prop- 
erties of the cubic. Incidentally we shall be proving the theorems in 
that case also. 
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19. The equation of an algebraic curve F, in the (2, y) plane can be 
written in the form F(z, y) = 0, where F(z, y) is a polynomial in x and 
y. We may separate F(a, y) into an even and an odd function of y so as 


to write 
Ee ea FD, a een a) 


The curve F, in so far as the equation y? = A(z) is supposed to be satisfied, 
i. e., in so far as the points of K alone are considered, is the same as the 
curve F’, whose equation is 


F(a, y) = Fox, A(x)] + yFilz, A(@)]. 


Clearly this is finite for all finite points on the curve K. Moreover, every 
rational function of x and y, which is finite for all finite points on the 
curve K, may be written in the form, Fo(x) + yFi(2). 

For suppose we be given any rational function G(a, y)/H(x, y), where 
Gand H are polynomials. If we write H in the form H(z, y?)+yH1(a, y’), 
and then multiply numerator and denominator of the fraction by H)»—yH,, 
the denominator will become an even function of y. Replacing y? through- 
out by A(x), we shall have an expression of the form 


ght) ee PE) 
Ff 5(x) 


We wish now to show that if this is to be finite for all finite points on the 
curve, then the denominator H,(x) is a factor of both Fo(#) and F,(z). 

If [Fo(2) + yFi(x)|/He(~) is to be finite, the same is true of 
[Fo(a) — yF1(x)|/H2(x), for these differ only in the sign of y, while the 
‘curve.y? = A(x) is symmetric with respect to the z-axis, so that should 
one become infinite at a point (vz, y) the other must become infinite at 
(xz, — y). Both the sum and the product of finite functions are finite so 
that 














2F (x) nee) ye PE ee ACE) 1) 
ey, eu H(t) Hx) 


are finite for finite points on K. From the first expression we see that 
every root of the polynomial H.(2) must also be a root of the polynomial 
F(x), and hence by the second expression, every simple root of H»(x) isa 
double root of AF,?. But by hypothesis A(z) = 0 has no double roots, 
so that any root of H2(x), is also a root of Fi(~). Hence every factor 
of H2(x) is a factor of both F(x) and of F,(a@), and we may divide out 
H,.(x) entirely, as was to be proved. 

20. If either Fo(x) or Fi(x) be identically zero or, more generally, if 
F, and F, be not prime to each other, then the intersections of the curve 


114 ALBERT A. BENNETT. 


F = F(x) + yFi(x) = 0, with the curve K, will not be in general position, 
since every common linear factor of Fy) and F,; determines two points on 
K, which differ only in the sign of y. Let us suppose Fy and F prime 
to each other. The wz-codrdinates of the points of intersection of 
F = F(x) + yFi(x) = 0, with y? = A(x) are given by the roots of the 


equation 
Fy'(x) — A(x) F(x) = 0. 

Since A(z) is of odd degree, and Fy*(a) and F?(@) are necessarily of even 
degree, it will be impossible for the leading coefficients of F?(#) and 
A(x) - F,2(x) to cancel each other. Let us suppose 7, = p + 1, points of 
intersection chosen arbitrarily and in general position on K. This will 
impose r linear conditions upon the coefficients of F = Fy + yFi = 0. 
For r — p even, we shall write r = p + 2s, and for r — p odd, we shall 
write r = p + 2s — 1, where s = 1 in both cases. The highest possible 
degrees of Fo, and of Fi, for which F,? — AF? shall be of degree r + p 
are indicated by the following table to be r — s and s — 1, respectively. 


Terms Degree Deg. forr —p =2s —1 Deg. for r —p = 2s 
Fy r—s p+s—1 Digaas 
Fy s-— 1 s—1 s-—l 
(Dae 2r — 2s r+p-—l r+op 
Ae 2p + 2s — 1 r+p r+p-—l 
Fy. — AF? r+p r+p r+p 


Now the total number of homogeneous coefficients in Fo is r — s + 1, 
and in F is s, so that if A be given and fixed, F = Fy) + yF;, can be sub- 
jected to exactly r linearly independent conditions, while, on the other. 
hand, the number of intersections of F with K will ber + p. Hence, the 
curve Ff which has r + p intersections with K cannot have more than 
r independent coefficients, it being supposed that r=>p-+1. The state- 
ment also holds for r = p since F,? — AF,’ can be of degree 2p only 
when fF’, vanishes identically, A being of degree 2p + 1, since, as we 
have remarked, the leading coefficients of the two terms can never cancel 
each other. But in this case, Fy» must be of degree p exactly, and the 
equation /’,? = 0 contains but p independent coefficients. 

21. We may choose as the curves L, the curves whose equations are 
of the form Lia, y) = E(x) — yN(x) = 0, where H and — N are poly- 
nomials of degree 2p — q and q — 1, respectively, q being 4p when p is 
even, and 3(p + 1) when pis odd. Thus # and — WN are cases of Fo and 
F,, for which r = 2p ands =q. Henceif 2p points, i.e., two P’s, be given 
on K, no two of the points having the same x-codrdinate, then there is a 
unique LZ through them. Since H? — AN? is of degree 3p, it will vanish 
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for yet a third P the y-coérdinate of each point of which is determined 
linearly by the equation Ny = HL. Thus property (a) holds true for the 
general hyperelliptic curve, K. 

The condition that the 3p points of intersection of an L with K, 
reduce to p sets of three coincident points each, i. e., that H? — AN? be a 
perfect cube, clearly requires that the coefficients of H and N satisfy 
certain algebraic relations. Indeed if we write 


E? — AN? = Q;, 


where Q is polynomial in a of degree p all of whose coefficients are unknowns, 
we shall have 3p + 1 equations which are homogeneous in the 2p + 1 
homogeneous coefficients of H and N, and of degree two in these, and also 
homogeneous and of degree three in the p + 1 homogeneous coefficients 
of Q. The number of solutions will be found to be 37”. Thus property 
(b) holds also in this general case. 

22. We shall now make the hypothesis required for property (c), as 
stated in § 3. The curves F’ and F'”’ of § 3, may be represented by equa- 
tlonem ol the storms fy) (2) + yy (x) = Oands fy (2) -+ yi’ @) = 0 
respectively, so far as points of K are concerned. Now these two ration- 
al functions are known to haver of their total r + p zeros on K in common 
and in general position on K. But these r zeros which constitute the set 
S fully determine the rational function, except for a constant factor. 
Thus Fo’(a) + yFi/(a) and F)’’(x) + yFi''(x) differ from each other by 
at most a constant factor, and have all of their zeros on K in common. 
This proves (c) to hold true for the hyperelliptic case. 

In order that H?(2) — A(x)N?(x) = 0, shall have p coincident roots at 
infinity, it is necessary and sufficient that N vanish identically, while # 
reduces to degree p. In this case L reduces to p straight lines parallel to 
the y-axis. In the equations satisfied by an inflexional set of » points, we 
do not use y explicitly and N enters in these, only in the form N?. Hence 
if H — Ny yields one solution, H + Ny will give another. Thus (d) also 
is valid in the present problem. The entire discussion in §§ 3-6, inclusive, 
applies to the hyperelliptic case, since it follows from the properties (a), 
(6), (c), (d). 


23. We may now start with the correspondence 
(1) A(x)M?(x) + 2B(x)M(x)N(x) + T'(x)N*(x) = 0, 


where A, B, I, M, N, are polynomials in x We may suppose the degrees 
of A, B and I to be given as equal to p +1. By applying the reductions 
used in §8, we find that, finally, if our M and N have been suitably chosen, 
A, B, T, M, N are of the following form. 
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A= CERN PU emu ete nteo dy et) 22> ona 
Be eet Oo Cp ah ly a ic 8 
De els OE ey eae amy ue ct oo? on Ye 
MS woe et pee et eb ey, 

No ype yet ey eat, 


and therefore where A = B? — ATI’ 1s of the form 
Nyse 2h tt! 1 beh ong ee heals 


The EH that we have previously used may hereafter be considered as having 
been an abbreviation for AM + BN. We have merely to take the 
x-codrdinates of p of the points of intersection of E(a#) — yN(ax) with K, 
and form the equation A(z) = 0 which has these for roots. The y-co6r- 
dinates of these same p points may be used to determine a corresponding 
B by means of the equations 


Y= Bites a Bot? 2 of we + De 4 = Ih 2, Ny 8). 


whose determinant is the Vandermonde determinant of the x’s. Since 
the p points (z;, y;) are supposed to have their x-codrdinates distinct, we 
may always determine the desired B(x), and determine it uniquely. But 
this choice of A and B satisfies the condition that for A = 0, E reduces to 
NB. If we let the x-coédrdinates of the remaining points of intersection of 
y = B with L, be the roots of a polynomial M put equal to zero, the # 
will be necessarily of the form, HZ = BN + AM if the arbitrary constant 
factor in N and M be properly chosen. 

The remarks of §§ 8-10, inclusive, are now immeditely applicable to 
the correspondence (1), extended in this manner. 

It may be remarked that when working in the projective plane, i. e., 
closing the finite plane by means of a line at infinity, the point at infinity 
on the curve is by no means a simple, but is a p-tuple point. For most 
purposes, it is convenient to suppose K situated in a ‘‘ function plane.’ 
In other words, we shall in speaking of the point at infinity regard A, B, I 
as forms, which do not become infinite at infinity, while, on the other 
hand, A and B vanish there to the first and second orders, respectively. 
With this convention, infinity becomes an ordinary branch point for the 
curve K, and the L’s do not in general pass through this point. This 
matter is not however of great significance in this connection, as we are 
concerned almost exclusively with those points alone which lie on the 
curve K, whose internal properties are essentially the same in either plane. 


24. In the identity 
AA + 2BM + IN = 0, 
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the term I'N is of degree p + q, which is always higher than the degree 
2p —q—1loftheterm 2BM. But A is itself of degree p, so that A must 
be of degree q, since its leading term must cancel that of TN. So that 
we must have Ay = vo, where Xp is the leading coefficient in A. Now A, 
M, N contain altogether (¢ +1) +(p-—q+1)+¢q=p+¢q+ 2 homo- 
geneous coefficients and since the degree of the left hand member is p + gq, 
we have p +q-+1 homogeneous equations to be satisfied. Thus the 
solution is unique apart from an arbitrary factor. In general we may 
impose the condition that for p = 2q — 1, \» = 1, and for p = 2q, wo = 1. 
By this means we shall secure that the leading coefficient in M? — AN 
is equal to p = (— 1)”. The A, M, N will now be fully determined if the 
A, B, I’ are supposed given. 
In the identity 
p(MM” — NO) =A 


where M” is of degree p — q, and II of degree q, the coefficient of x” in 
the left-hand member is, for p = 2q — 1, mo, and for p = 2q, uwo’’. And 
since this is to be an identity, we must have for p = 2q — 1, m) = 1, and 
for p = 2q, wo’ = 1. The degree of the left hand member is p, while the 
number of coefficients in M”’ and II together is p + 2. Since the equations 
which are obtained by equating coefficients are non-homogeneous and 
only p + 1 in number, we may in general impose an additional linear con- 
dition. We shall require for p = 2q¢ — 1, wo’ = mo, and for p = 2g, 
Tt) = Xo. With this restriction, the M”’ and II are completely determined, 
and in such a manner that Aouo’” — touo = 0, for p odd or even, so that in 
either case the coefficient of x? in p(AM”’ — IIM) is zero. The discussion 
in § 11, now applies without modification to the hyperelliptic case. 

It is important to note that in the above nonhomogeneous system the 
determinant of the coefficients of the system is for p = 2q¢ — 1 and also 
for p = 2q, precisely the resultant of M and N. But if M and N have a 
common factor, the L whose equation is AM + BN — Ny = 0, and which 
has contact at the P defined by the (A, B) in question, will pass through 
the point at infinity, and will contain one or more lines parallel to the 
y-axis. But these lines can have contact with the curve only at the 
branch points. Thus the above method breaks down only when the given 
set P has one or more points at the branch points. But the situation in 
this special case is too obvious to require further discussion. 


The General Algebraic Curve. 


25. On any algebraic curve of genus p, we may consider an arbitrary 
series of groups g3} of points, any group of which contains 3p points and 
is determined by 2p of them. There will be, of course, in general, certain 
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fixed points in addition, should we cut the series out by a linear family of 
adjoints. Since 3p > 2p — 2, the series cannot be special. There exist 
certain “‘ inflexional’’ groups G of p sets of three coincident points each. 
We may choose one such set as Po, and then determine with respect to — 
this Po, an arithmetic of groups of p points on the curve. It is only in 
the hyperelliptic case, however, that an individual point can be considered 
as having a negative obtained by a “‘ reflexion.”” The Riemann-Roch 
Theorem in its simplest form shows that the property expressed in (c) 
holds good for the general algebraic curve. Thus there is an analogous 
theorem of closure for any algebraic curve of genus p > 0. 


The Transcendental Treatment. 


26. The Inversion Problem of Jacobi is concerned with the correspond- 
ence between the coérdinates of a set of p points on an algebraic curve of 
genus p and the p sums of p linearly independent integrals of the first 
kind, the sum in each case being of the values assumed by one of these 
integrals at each of the p points in question. If we consider a group P 
to represent the » sums here mentioned, then by the addition of P’s is 
meant only the addition of integrals, so that the associative law no longer 
needs proof, when once it is proved that the group of points is uniquely 
determined by the p sums of integrals. The equations now become linear 
equations, modulis the periods. 

If in the elliptic case we take 1; = ®(w) where ® is the Weierstrassian 
function, then x, is ?(nw), and C,, is a theta function of u of the nth order 
most conveniently written in the form 


a (nu) 
o(u)”* 





C, = 


The algebraic treatment does not define C,, except for n an integer, and 
by reversing the processes, for n, a fraction. It may be noted, however, 
that the C,,’s are defined for curves in modular geometries by the present 
treatment, where transcendental methods cannot be applied. 

The author wishes to express his thanks to Professor Oswald Veblen 
for numerous suggestions and corrections which have modified the form of 
this paper. 

PRINCETON, N. J., 

November 12, 1914. 


AN INTEGRAL EQUATION OF THE VOLTERRA TYPE.* 
By T. H. GRonwALL. 


1. Consider the integral equation 


oa, ») = fey + { A@y, sels, yds + [BC y, Dole, dat 
(1) 0 0 
+ [as [Cla y, 5, Hels, dat, 


where the given functions f, A, B and C are bounded and have their dis- 
continuities regularly distributed in the region 


OP 2 Beer ek Qn sye 40; 


or briefly, in the rectangle (a, b). Let the constants F and M be chosen 
so that, in the rectangle (a, )), 


fay |SF, |A@ys)| SM, [Bay )|=M, 
| C(x, y, 8, t) | = M’. 


The usual methody of showing that there exists one and only one solu- 
tion v(x, y) of (1) which is bounded in the rectangle (a, b), consists in sub- 
dividing this rectangle into smaller ones with sides a and 6 parallel to the 
x- and y-axis respectively; if a and @ satisfy the condition 


Ma+ MB+ Mags < 1, 


the method of successive approximations converges in the rectangle 
(a, 8), and the solution obtained is then successively extended to adjacent 
rectangles by a process of continuation. It is the purpose of the present 
note to establish directly the existence and uniqueness of the bounded 
solution g(z, y) in the entire rectangle (a, b). 

Introducing an arbitrary parameter \, we replace equation (1) by 


ole, y) = f(a, y) +X if “A(a, y, 8)0(s, y)ds-+r { "B(x, y, Dela, tat 


(2) 


(3) 
x y 
4» il ik ii Gon ecuvan 
0 0 
which reduces to (1) for \ = 1.t 
* Read before the American Mathematical Society, Jan. 1, 1915. 
+ See for instance, T. Lalesco, Introduction 4 la théorie des équations intégrales (Paris, 
Hermann, 1912) pp. 14-15. 


t In the usual method, the double integral is multiplied by } instead of ”. 
119 
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Assuming for g(x, y) a uniformly convergent expansion 


(4) (a, 9) = D enle, 9), 


introducing this in (3) and comparing coefficients of equal powers of X, 
we obtain 


pola, y) wa fla, y), 


x(t, v) = [Au souls, yds + [ "BC, , Deux, Hat, 
0 


(5) ir ay : 
PEN IR ff Ale, y, s)encils, ds + [BC y, Dona(x, Dat 


+ fds fC, 1, 5, Denels, Dal, (n 2) 


From (2) and (5) we obtain 
| gola, y) | zt 


jex(e, y)| SFM [ods + PM [at = 


so that the relation 
(6) | ea(t, y) | = 


F.3M(2+ y) 
ie ; 


F- (8M)"(@ + y)" 


n! 





holds for n = 0 and n = 1. Supposing (6) proved for values of the sub- 
script up to n — 1, the last equation in (5) gives 


et |S ay | [+ ymtas + [Ge + oat | 


F i Qn—2 In x y yi 
OG, Oe | ds | (s + t)” dt, 





and from the obvious inequalities 








: 1 Cee eas UT a 
[e+ yrds = 2 oe 
7 noi gy ea ae” aaah 
i ee aes n a ee 





ane (a we bay eta Wes aat st) an a cat 
[as [oe + ora = f mantle 


it follows that 





poset ne ete 
Pate he 31319 a 


? 


eae tw: j) eS 
n! < 
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so that (6) is true for every value of n. We conclude from (6) that in the 
rectangle (a, b) 

3M)"(a + 6)” 

| OnlZ, y) = ce ae iE ) 

so that the series (4) is uniformly convergent in (a, b). Making \ = 1, 
we obtain a solution of (1) which is bounded in (a, b). 

2. To prove the uniqueness of this bounded solution g(a, y), suppose 
gi(x, y) to be another. The difference u(x, y) = gi(a, y) — o(2, y) is 
then also bounded in the rectangle (a, 6): 

(7) u(t, y) |<, 


and satisfies the integral equation 


HMeleire { “Nea SOIC ae i UB onion 
(8) a 
a tf ds | Ge, Fy COROT. 
Consequently 


OOS uM [ hs a dt + uM? | as [- dt = u(Mz-+My+Mxy) 


= u(Me + My + May) = w(M + M?a)\(x + y), 
or writing K = M+ M’a, so that K > M, 


Loy) | I ie ee y) 
so that the relation 


(9) |u(a, y)| == ual 


m! 





holds form = Oandm = 1. Suppose this relation to be true for m=n—1, 
we obtain from (8), using (9) with m = n — 1 in the single and m=n—2 
in the double integral, 


M :(3K)""(@ + y)" an MER OI eatery)" 


n!\ n! 





| u(x, y) | =n 


M? . (8K)" (a + y)” 
pear sae 
or, since M < kK, 





w: (3K)"@ + y)" _ w(BK)"(a + 6)” 


AGA aeons Se 


for every n. Increasing n indefinitely, it follows that u(z, y) = 0 or 
oi(z, y) = v(x, y) in the rectangle (a, 0). 
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3. As an As ae the a OMe equation 


Tn = Ault, ¥) gong + Aunt, V) ease 
av™ay” em aie) spe any Y oe 
(10) m—1l n— 
oo 2X © Aga(a, y) onan spares deb: 


where all the coefficients are bounded and have their discontinuities 
regularly distributed in the rectangle (a, b). We shall prove that this 
equation has one and only one solution 2(z, y), which, together with all its 
derivatives occurring in (10), is bounded in the rectangle (a, 6) and 
satisfies the boundary conditions 


0X2 


Beis ae ONCDE (u = 0). eee ee eee) ee a= aa 
(11) a 
ar = Xe), (vy =O) ly ae) Ole ee mee eee eee 


where the Y :s and their derivatives up to the order n, as well as the 
X :s and their derivatives up to the order m, are continuous and satisfy 
the conditions* 


as dX, (x) a avy (y) ( a 0, lh, cay naa ea 
(12) Cuv = dak t. dy” 





1 
Aa). OS oe 


Let z(xz, y) be any function satisfying the boundary conditions (11) and 


(12), and write 
Oisez oo 
(13) Ta = o(e, y). 


Then the following formulas are readily proved by complete induction: 
Bs = " a™ X +6 (x) y® ip ae _— BE 1—v 
oe cer ommmrrcmmmnrya | o>!) co rpemgmaae 


Cat ea Sa Fesel) ie ie (a — s)"—-# 
ax"ay” ope ILI 9(S, y) Crna oe 


gtr, x m—\—p eae 4% n—1— * de yn, (xc) ue ee n—1—yv 


vy 
da" dy” ee dy” a! B=0 dx” B! a=0 pB=0 "8 G13! 


(oo Se ae 
+ 4 [06 9G aT win — 1 — v1 % 


Substituting these values of the derivatives in the equation (10), it is seen 
immediately that we obtain an integral equation of the form (1), which 
has a unique bounded solution o(z, y) and consequently (14) gives, 


making » = v = 0, a unique solution of (10) with the required properties. 
_ PRINCETON UNIVERSITY. 











(14) 














* For the e ordinary treatment of this problem, see for instance Note I (by Picard) in vol. 4 
of Darboux’s Theorie des Surfaces. 


THE LINEAR CONTINUUM IN TERMS OF POINT AND LIMIT.* 


By Rospert L. Moore. 
Introduction. 


F. Riesz} has proposed a set of four postulates for a continuum in 
terms of point and limit in the non-sequentialf sense. To these he adds 
certain postulates involving the third undefined notion “ verkettung.”’ 
His postulates hold true for continua of any number of dimensions and 
do not form a categorical set. In the present paper I propose a categori- 
cal set of eight postulates for the linear continuum§ in terms of point and 
limit. The first three of these postulates (or axioms) are substantially 
equivalent to the first three of Riesz’ system. 

The treatment of the linear continuum contained in the present paper 
connects with Lennes’ characterization of a continuous arc AB as a closed, 
connected set of points containing A and B but containing no connected 
proper subset that contains A and B. 


$1. Axioms and Definitions. 


Axiom 1. If the point set M contains the pornt set N then every limit 
point of N is also a lumit point of M. 

Axiom 2. If M and N are two point sets with no point in common then 
every limit point of M + N|| ts either a limit point of M or a limit point of N. 


* A part of this paper, under a different title, was presented to The American Mathematical 
Society, April 26, 1914. 

+ F. Riesz, Stetigkeitsbegriff und Mengenlehre, Atti del IV Congresso Internazionale dei 
Matematici, Roma, 1908, vol. 2, pp. 18-24. 

t In his thesis, Frechet postulates limit in the See sense. Cf. M. Frechet, Sur quelques 
points du calcul ncuannen Rendiconti del Circolo Matematico di Palermo, vol. 22 (1906), p. 6. 
See also E. R. Hedrick, On properties of a domain for which any derived set is closed, Transactions 
of the American Mathematical Society, vol. 12 (1911), pp. 285-294; and T. H. Hildebrandt, A 
contribution to the foundations of Frechet’s Calculfonctionnel, American Journal of Mathematics, 
vol. 34 (1912), p. 2387. 

2 Postulates for the linear continuum in terms of point and order have been given by O. 
Veblen, Definition in terms of order alone in the linear continuum and in well ordered sets, Transac- 
tions of the American Mathematical Society, vol. 6 (1905), pp. 165-171, and by E. V. Huntington, 
A set of postulates for a one-dimensional continuum and for the theory of groups, pages 17-41 of 
the same volume. See also R. E. Root, Limits in terms of point and order, Transactions, vol. 15 
(1914), pp. 51-71. 

|| In the language of point set theory, if M and WN are two point sets then M + N denotes the 
set of all points that belong to either M or N. If M contains N and at least one additional point 
then M — N denotes the set of all points that belong to M and not to N. 

123 


124 ROBERT L. MOORE. 


AxtoM 8. No point is a limit pornt of a single point. 

DEFINITION 1. The point set K is said to be connected if, however it 
be divided into two mutually exclusive* sets, one of those sets contains a 
limit point of the other one. 

Axiom 4. If Pisa point and S is the set of all points, then S — P 1s the 
sum of two mutually exclusive connected sets neither of which contains a lumit 
pornt of the other. 

DEFINITION 2. If P is a point and S is the set of all points, and 
S — P=8,' + S,”, where S,’ and S,” are mutually exclusive connected 
point sets such that neither of them contains a limit point of the other 
one, then S,’ and S,” are called rays. If B is a point of the ray S,;’, 
then the ray S;’ is denoted by PB. Theray S,’ is said to be complement- 
ary to the ray Sp’. 

It follows from Axiom 1 that if P + B then there is not more than one 
ray PB. | 

Axtom 5. There do not exist three mutually exclusive rays. 

Axiom 6. The set of all points vs a connected set. 

Axtom 7. There exists a countable set of points such that every pont 
either belongs to this set or 1s a limit pornt of it. 

Axiom 8. There exist at least two points. 

In the following AB denotes the ray AB. S denotes the set of all 
points. | 


$2. Consequences of Axioms 1, 2, 3, 4 and 6. 


THEOREM 1. Jf B + C, then Bis a lumit point of the ray BC. 

Proof. By Axiom 4 there exist two points, C and C’, such that 
S—B=BC+ BC’. Since S = (B+ BC’) + BC, therefore, by Axiom 
6, either S + BC’ contains a point P which is a limit point of BC or BC 
contains a point P’ which is a limit point of B + BC’. But in the latter 
case, by Axiom 2, either P’ is a limit point of B, which contradicts Axiom 38, 
or P’ is a limit point of BC’ which is contrary to hypothesis and Definition 
2. Hence B + BC’ contains a point P which is a limit point of BC. But 
BC’ can contain no limit point of BC. Hence, by Axiom 2, B is a limit - 
point of BC. 

TuHErorEeM 2. If A + Band A is not on BC, then AB contains BC. 

Proof. If AB does not contain BC then since A is not a point of BC, 
BC must contain at least one point in common with AB’, the complement 


* Two or more point sets are said to be mutually exclusive if no two of them have a point 
in common. 

+ Compare Axiom 7 with Frechet’s definition of a classe séparable, loc. cit., p. 23. Cf. also 
G. Cantor, Zur Begriindung der transfiniten Mengenlehre, I Mathematische Annalen, vol. 46 
(1895), p. 510. Veblen’s Postulate of Uniformity is in some respects weaker than Axiom 7. Cf. 
O. Veblen, loc. cit., p. 166. 
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of AB. Let K be the set of all such common points. There are two cases 
to be considered. 

Case I. Suppose that every point of BC is a point of AB’. Then, by 
Theorem 1, and Axiom 1, B is a limit point of AB’ which is contrary to 
Definition 2. 

Case II. Suppose BC contains at least one point that does not belong 
to AB’. Let K’ denote the set of all such points. Then since BC is 
connected, either K contains a limit point of K’ or K’ contains a limit 
point of K. But K is a subset of AB’ and, since by hypothesis A is not 
on BC and therefore is not in K’ and furthermore no point of AB’ isin K’, 
therefore K’ is a subset of AB. Thus again in case II one of the rays 
AB and AB’ would contain a limit point of the other one. But this 
is contrary to Definition 2. 

THEOREM 3. If B + A, then every point P hes either on BA or on AB. 

Proof. If P isnot on AB, then'either P is A or AB and AP are two 
complementary rays. Hence either Pis A or Bisnoton AP. Therefore, 
by Theorem 2, BA contains P. 

DEFINITION 3. Three points A, B, C are said to be in the order ABC 
if and only if they are mutually distinct and A is not on BC. The ab- 
breviation ‘‘ ABC,” used as a sentence, signifies that A, B and C are in 
the order ABC. 

THEOREM 4. If ABC, then CBA. 

Proof. If C were on BA, then BC would be identical with BA and A 
would be on BC, which is contrary to hypothesis. 

Turorem 5. If ABC, then not BCA. 

Proof. If B were not on CA, then, by Theorem 2, BC would contain 
A, which is contrary to hypothesis. 

TuroreM 6. Jf ABC and BCD, then ACD. 

Proof. Since A isnot on BC and B is not on CD, therefore, by Theorem 
2, AB contains BC and BC contains CD. Hence AB contains CD. 
Therefore, if A were on CD, AB would contain A, which is contrary to 
Definition 2. 

TuoeoreM 7. Jf ABC and ACD, then ABD. 

Proof. By hypothesis and Theorem 2, AB contains BC and AC con- 
tains CD. Hence AB is identical with AC and AC contains D. Therefore 
AB contains. D. Suppose now that ABD were not true. Then, by 
Theorem 4, Theorem 5 and Definition 3, D would be on BA. But, by 
hypothesis, ABC. Hence, by Theorems 2 and 4, CB contains BA and 
therefore CA contains BA. Hence if D were on BA, D would be on CA. 
Hence A would be on CD which is contrary to the hypothesis that ACD. 
Hence D is not on BA. Hence DBA and therefore ABD. 
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THEorEM 8. If ABC and BCD, then ABD. 

Proof. From ABC and BCD it follows, by Theorem 6, that ACD. 
From ACD and ABC it follows, by Theorem 7, that ABD. 

THEOREM 9. If ABC and ACD, then BCD. 

Proof. By hypothesis and Theorem 7, ABD. If BCD were not true, 
then B would lie on CD. Hence CB would be identical with CD. But 
ACD. Therefore A is not on CD. Hence A would not be on CB. But 
ABC. Therefore CBA. Hence, by Theorem 2, A is on CB. Thus the 
supposition that B is on CD leads to a contradiction. 

DEFINITION 4. The abbreviation ABCD signifies that ABC, ABD, 
ACD and BCD. 

THEOREM 10. Jf ABC and ACD, or if ABC and BCD, then ABCD. 

THEOREM 11. Jf A and B are distinct points, there exists a point C 
such that ABC. 

Proof. By Axiom 4 there exists at least one point C different from B 
and not on the ray BA. Hence CBA and therefore ABC, by Theorem 4. 


§ 3. Consequences of Axioms 1-6. 


THEOREM 12. Jf ABC and ABD, and C + D, either BCD or BDC. 

Proof. By hypothesis, Theorem 4 and Definition 3, BA contains 
neither C nor D. By Theorem 2, BA isin CB andin DB. Suppose now 
that neither BCD nor BDC. Then B is on CD and on DC and therefore 
CBis CD and DB is DC. Hence BA is on CD and on DC. By Theorem 
11 there exist points C’ and D’ such that CDC’ and DCD’. By Theorem 2, 
DC contains CD’. Hence if CD’ and DC’ had a point in common then 
DC and DC’ would have a point in common, which contradicts CDC’. 
But BA lies in DC and in CD. Hence it can have no point in common 
with either DC’ or CD’. Thus no two of the three rays BA, CD’ and DC’ 
have a point in common. But this is contrary to Axiom 5. Hence the 
supposition that neither BCD nor BDC leads to a contradiction. 

THEOREM 13. Jf A and C are two distinct points, there exists a point 
B such that ABC. 

Proof. By Theorem 11 there exists a point D such that ACD. By 
Theorem 4, DCA. By Theorem 1, A is a limit point of AC. But since 
A is not C and A is not on CD, therefore A is not a limit point of CD. 
Hence, by Axioms 1, 2 and 3, AC must contain at least one point B which 
is different from C and does not belong to CD. Hence BCD and there- 
fore DCB. From DCB and DCA it follows by Theorem 12 that either 
CAB orCBA. But Bison AC. Hence itis not true that BAC. There- 
fore CAB is false. Hence CBA and thetefore ABC. 

THEOREM 14. Jf A, B and C are three distinct points, then either ABC, 
BCA or CAB. | 
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Proof. Suppose that ABC is not true. Then CBA is not true and 
therefore Cison BA. By Theorems 11 and 4 there exists a point A’ such 
that A’BA. Hence A’ is not on BA. But since C is on BA, therefore 
BA is BC. Therefore A’ is not on BC. Hence A’BC. Hence, by The- 
orem 12, either BCA or BAC. ‘Thus it is proved that if ABC is not true, 
then either BCA or BAC is true. 

It is now easy to see that if Axioms 1-6 hold true for a space S then all 
of Hilbert’s linear Axioms of Group II* hold true in S with respect to the 
betweenness defined in Definition 2. In particular it may be shown that 
any four distinct points may be so lettered A, B, C, D that ABCD. If 
Axioms 7 and 8 are added, my set of axioms becomes} categorical with re- 
spect to point and betweenness as defined in Definition 2. From this fact 
it is nott apriorz evident that the set of Axioms 1-8 is absolutely categorical 
(i. e. categorical with respect to point and limit, the undefined symbols in 
terms of which these Axioms are stated). It can however be proved that 
a point P isa limit point of a point set M if, and only if, every segment 
that contains P contains at least one point of M different from P. Thus 
the statement that P is a limit point of M is (in the presence of Axioms 
1-8 and Definition 2) equivalent to a statement in terms of point and be- 
tweenness. It follows that our set of Axioms is categorical with respect to 
point and limit point of a point set. 


$4. Concerning Axiom 5. 


Lemma 1. It follows from Axioms 1, 2, 3, 4, 6 and Theorems 12 and 
18 that of A + C and the two rays AB and CD have no point 1n common, . 
then BACD. 

Proof. By hypothesis, Theorem I, and Axioms 1 and 3 B is not on CD 
and D is not on AB. Hence BCD and DAB. By Theorem 14§ either 
DCA, CAD or ADC. 

Suppose that ADC were true. Then CDA. But DAB. Hence 
CDB, by Theorem 8. Thus ADC is impossible. 

Suppose that CAD. By Theorem 13 there exists a point X such that 
CXA. From CXA and CAD it follows, by Theorem 7, that CXD. From 
CAD and BCD it follows by Theorems 4 and 9 that ACB. But AXC. 
Hence, by Theorem 7, AXB. But from CXD and AXB it follows that 
AB and CD have the point X incommon. This is contrary to hypothesis. 
Thus CAD is false. 

* DPD, Hilbert, The Foundations of Geometry, Translation by E. J. Townsend, Chicago, 1902, 
a ae G. Cantor, loc. cit. 

Pte 7: 


§ It was shown above that Theorem 14 is a consequence of Axioms 1, 2,3, 4, 6 and Theorem 12. 
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It follows that DCA is true. Similarly BAC is true. Hence BACD. 

Lemma 2. Axiom 5 1s a Consequence of Axioms 1, 2, 3, 4, 6 and 
Theorems 12 and 18. 

Proof. Suppose that AB, CD and EF are » three mutually exclusive 
rays. It is clear that A, C ana E must be mutually distinct. Hence, 
by Lemma 1, BACD, BAEF, DCEF and DCAB. From DCEF it follows 
that F + C. By Theorem 12, from BACD and BAEF it follows that ACF 
or AFC and from DCEF and DCAB it follows that CFA or CAF. But, 
by Theorems 4 and 5, ACF and CAF cannot both be true. Hence, by 
Theorem 4, AFC. From CAB and AFC it follows, by Theorems 4 and 7, 
that CFB. From CFB and CHEF it follows that HFB and therefore that 
EF contains B which is contrary to hypothesis. Thus Axiom 5 is proved 
on the basis of Axioms |, 2, 3, 4, 6 and Theorems 12 and 138. 

THEOREM 15. In the presence of Axioms 1, 2, 3, 4 and 6, Axiom 6 
vs equivalent to Theorems 12 and 18 combined. 


$5. Questions of Independence. 


According to E. H. Moore a set of postulates 7’ is said to be 3 completely 
independent if 

(1) For each subset of 7 there exists a system in which all the postu- 
lates of that subset are satisfied and the remaining postulates of 7 are not 
satisfied. 

(2) There exists a system in which no postulate of the set T is satisfied. 

Since the denial of Axiom 8 implies that S contains not more than one 
point, it would seem very improbable apriorz that the set 1-8 should be 
completely independent. If 8 be omitted however the remaining set, 
G, of Axioms 1-7 is completely independent except that there exist no 
examples of type Ese; or Eos67. Here the notation Es.7 is used to denote an 
example of a system in which 5, 6, and 7 are false and the remaining 
axioms 1, 2, 3 and 4 are true. In general, the letter E with subscripts 
denotes an example of a system in which those axioms are false whose 
numbers occur as subscripts of E and the remaining axioms of the set G 
are true. 

The following notation will be used. 

K, denotes a segment without end points. 

K, denotes a segment with end points. 

kK denotes the set of all the interior points of two circles which have 
no interior point in common. 

K, denotes the set of all points, except O, on and interior to a circle R 
with center at O. 

K; denotes the set of all interior points of two colinear segments which 
have no point in common. | 
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K, denotes a circle C together with three rays DD’, EE’ and FF’ where 
D, E and F are distinct points of C, and D’, EH’ and F’ are three points 
such that ODD’, OEE’ and OFF’ where O is the center of C. 

K;, is the same as Kg, except that in K; all points X such that OD’X 
are omitted. 

Ks denotes a segment ¢ together with two distinct points neither of 
which is a point or an end point of ¢. 

Ky denotes a segment ¢ together with three distinct points no one of 
which is a point or an end point of t. 

For the sake of convenience the following independence examples will 
be separated into groups. 

In each example of group I there are in S three distinct points, A, B 
and C' such that BAC in the ordinary sense and such that: (1) A is a lumit 
point of a point set M if, and only if, M contains B and C, or M contains A, 
or A is a limit point of M in the usual sense. 

(2) If P + A, then P isa limit point of M only if it is,a limit point of 
M in the usual sense. 

Group I. 


Kos. S 1s Ky, Hie3as- S is Ke, Fro3ag. S 18 Ks, 
Koga. S is Ko, Koag. S 1s Ks, Eesase- S 18 Ks. 
In each example of group II, a point P isa limit point of a point set M 
if, and only if, 
(1) P belongs to M or is a limit point of M in the ordinary sense. 
(2) M contains at least two points. 


Group II. 
Eo. S is Ky, Bios. S 1s Keg, Hoo ase. S is Kg, 
Eis. S is Ko, Hose. S is Ks, Boog. S 1S KG. 


In each example of group III, P is a limit point of M if, and only if, P 
is a limit point of M in the usual sense or P belongs to M. 


Group III. 
Es. S is Ky, Figg. S is Ks, Haag. Sis Ko, 
Eig,. Sis Ko, Eigas. S 1s Ke, Eisase. S is Ks. 


In each example of group IV, a point P is a limit point of a point set 
M if, and only if, P is a limit point of M in the usual sense. 


Group LV. 


Ei. S is Ka, Ess. S is Ke, Evase. S is Ks. 
EK. S is Ks, Egg. S is Ks, 
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Group V. 


Ko35. S is Ky. There are three points A, B and C within FR such 
that OBAC in the ordinary sense and such that 

(1) A is a lamit point of a point set M if, and only if, M contains B 
and C, or M contains A, or A is a limit point in the usual sense of a subset 
of M which lies on the ray OA. 

(2) If P + A then P is a limit point.of M if, and only if, P is a limit 
point, in the usual sense, of a subset of M that lies on the ray OP, or of 
a subset of M that lies on R. 

Ko356. S 18 composed of the interior, K, of a circle together with two 
distinct points A and B that lie without that circle. A is a limit point of 
M if, and only if, M contains B. If P is a point in K, then P is a lamt 
point of the point set M if, and only if, M contains two or more points of 
K. Bisa limet point of no point set. 

Ey. Sis Ky Pisa limit point of M if, and only if, (1) P belongs to 
M or is a limit point in the usual sense of a subset of M that lies entirely 
on # or entirely on OP, (2) M contains at least two points. 

K3. Sis Ky Pisa limit point of M if, and only if, P belongs to M 
or is a limit point in the usual sense of a subset of M that lies entirely on 
R or entirely on the radius OP. 

E;. Sis Ky Pisa limit point of M if, and only if, P is a limit point 
in the usual sense of a subset of M that lies entirely on F# or entirely on 
the radius OP. 

E’z55. Sis the same as in Ho356. Pisa limit point of M if, and only if, 
either, (1) P belongs to K and is a limit point of M in the usual sense or, 
(2) eRe = TAS andeviecontaltisese 


Group VI. 


Ess... S 1s composed of three points no one of which is a limit point 
of any point or set of points. 

Foss. S 1s composed of three points A, Band C. Pisa limit point of 
M if, and only if, P=AandMisA+ BorA+B-4+0C. 

Let E denote any one of the preceding examples. Let E’ denote an 
example which is the same as E except that in E’ no point is a lamit point 
of S. Then every axiom of the set G which is satisfied in E is also satisfied 
in E’ and conversely, except that Axiom 1 is not satisfied in E’. 

Let E denote any one of the preceding examples (examples of type E’ 
being included) with the exception of the examples Ese, Ease, Esg’ and Eos5’. 
In E either S is an ordinary continuum of one or two dimensions, or it 
contains such a continuum. If a linear continuum occurs in E replace it 
by a system of the sort described in Veblen’s independence example for 
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his uniformity Postulate E.* If a two dimensional continuum exists in E 
replace it by a certain two-dimensional sett which may be easily con- 
structed with the help of the above-mentioned linear set of Veblen’s. 
Let E’ denote an example which is the same as E except for the above 
mentioned substitution and certain modifications which naturally ac- 
company that substitution. Then every postulate of the set G which 
holds true in E holds true also in E’ and conversely, except that 7 is not 
true in E’. 

We have yet to consider the existence or non-existence of E567, Exo567, 
Exse7 and Eose7. The first two of these exist. 

Ej567- S is composed of three mutually exclusive subsets S;, S2, S3. 
A point is a system of four real numbers (a1, y1; Xe, y2) such that OSy,=1 
Abcecicumtnatecither 0 < 2, < |,\2:< 4,793 ord <r, < 5 (k=) 17 2). 
In the first case (21, Yi; %2, Y2) belongs to S,, in the second case to S, and 
in the third case to S3. The point (21’, yi’; Xo’, yo’) is a limit point of the 
point set M if, and only if, one of the following two conditions is fulfilled. 

Condition I. Corresponding to any preassigned positive number e 
there exists, in the set M, a point (a1, yi’; x2", yo’’), distinct from 
(r16 yv ; 2", Yy2'), such that (1) kam a "| S €, yx a Yr | <iG (k rk I, 2) 
(2) |x,’ — xz’"| = 0 in case y;’ is distinct from 0 and from 1 (k = 1, 2). 

Condition IT. The point (x1’, yi’; Xo’, y2") belongs to the set S;, and M 
is a non-denumerable proper subset of S;.1 (mod. 3) @ = 1, 2, 3). 

Exos67- This example is the same as Ens; except that in Ejos67 every 
point P in S; is a limit point of every pair of points in S; which are distinct 
from each other and from P. 

TuHeorEM 16. Jf Axioms 5 and 6 are false and Axioms 1, 8 and 4 are 
true, then S must consist of just three pornts. 

Proof. Since Axiom 6 is false, S must consist of two subsets S,; and S, 
neither of which contains a limit point of the other. Since Axiom 5 is 
false, there exist three mutually exclusive rays 71, r2, 73. Hence one of the 
sets S; and S, contains at least two points. If S; contains more than one 
point and P is a point of S; then it easily follows from Axioms 4 and 1 
that P divides S into the two rays S; — P and S, and therefore S, is 
connected. Similarly if S. contains more than one point then S; is con- 
nected. Let P1, Pe, P3 denote the origins of the rays ri, 72, 73 respectively. 
At least two of these points (say P; and P2) must be distinct from each 
other. There are two cases to consider. 

Case I. Suppose P; and P2 are in S;. Then, by Axioms 4 and 1, 


r, is either S; — P, or Ss, ro 1s elther S,; — Py, or So. 





* ©. Veblen, loc. cit., p. 169. 
+ The set Si, described below in connection with Ej5¢7, may be used for this purpose. 
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But 71, 72 and r3; are mutually exclusive. It clearly follows that S;=Pi+P2. 
But, by Axiom 3, P; + P. is not connected. Hence S, must consist of 
only one point. Therefore S = P; + P. + P3. 

Case II. Suppose P; and P3 are in S; and P, is in S». Then 


r, is S; — P; or So, 2 18 Sp — Pe, or Si, r3 18 S; — Ps or So. 


But 71, 72 and rz are mutually exclusive. Hence r; is Si — Pi, re 18 
S. — P. and r3 is S; — P3. Hence S; — P; and S; — P3; have no point 
in common and therefore S; is P; + P3 and is therefore not connected. 
Hence S. contains only one point, P,. Therefore S = P; + P3 + Po. 
Our theorem is thus established. 

It follows from the above theorem that if Axioms 5 and 6 are false and 
Axioms 1, 3 and 4 are true, then Axiom 7 is necessarily true. Hence there 
exist no examples of type Ese7 or Eosez. 

That the set of Axioms I-8 is independent in the sense that no one of 
these axioms follows from the others is shown by the examples E,, Es, 
E3, Eu, E;, Es and E, together with the following example, Es. 

Es. S is a single point. This point is a limit point of no point-set. 


$6. Concerning Axiom 4. 


For Axiom 4 may be substituted the following two Axioms, 4(a) and 
A(b). 

Axtom 4(a). If Pisa point and S 1s the set of all points, then S — P is 
not connected. 

Axiom 4(b). Jf Pisa point and S is the set of all points, then S — P 
is composed of two connected subsets. 

THEOREM 17. Axiom 4 is a consequence of Axioms 1, 4(a) and 4(6). 

Proof. By Axiom 4(b), S — P is composed of two connected subsets, 
S;, and S.. By Axiom 4(a), S — P is composed of two subsets M, and M, 
neither of which contains a limit point of the other. Suppose S, contains 
a point of M, and also a point of M,. Let S,’ denote the set of all points 
of M, which lie in S; and let S.’ denote the set of all points of M,. which 
lie in S;. Then, since S; is connected, one of the sets S;’ and S,’ must 
contain a limit point of the other one and therefore, by Axiom 1, one of the 
sets M; and M, must contain a limit point of the other one. But this is 
contrary to hypothesis. It follows that one of the sets S; and S» coincides 
with M, and the other one coincides with M,. Hence neither of the sets 
S; and S, contains a limit point of the other one. Thus Axiom 4 is es- 
tablished. 7 

Let G’ denote the set of Axioms 1-38, 5-8, 4(a) and 4(b). 

To see that 4(6) is not a consequence of the remaining axioms of the 
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set G’, consider the example in which S denotes two intersecting straight 
lines in an ordinary euclidean plane and in which the terms point and limit 
have their usual significance. In this example, 4(b) is false but all the 
other axioms of the set G’ are true. 

The independence of (4a) in the set G’ is exhibited by Ey. 

It follows that G’ is a categorical set of independent axioms. 


$7. Concerning Categoricity. 


In $3 it was indicated that a set of axioms may be categorical with re- 
spect to certain defined terms but, at the same time, not absolutely* cate- 
gorical. JI will mention two interesting examples. Let H,, denote the 
set of axioms composed of Hilbert’s plane axioms of groups I and II 
together with a Dedikind cut continuity postulate and an axiom P to the 
effect that all points are coplanar. The set H,; is not categorical with re- 
spect to the undefined symbols, point, line, association and betweenness, in 
terms of which these axioms are stated. Let V,; denote the set of axioms 
composed of Veblen’s Axioms I-VIII, XI together with axiom P (ef. 
above). The set V,, is not categorical (with respect to point and order). 
But both H,, and V,; are categorical with respect to point and limit point 
of a point-set as defined in Veblen’s Theory of Plane Curves in Non-Metri- 
eal Analysis Situs. 

The truth of the above statements concerning the sets H,; and V,,,; may 
be easily seen with the aid of results established in my paper, On a Set of 
Postulates Which Suffice to Define a Number-plane.t 

UNIVERSITY OF PENNSYLVANIA. 


* Cf. §3. 
{ Transactions of the American Mathematical Society, Vol. 6 (1905), p. 85. 
tIbid., Vol. XVI (1915), pp. 27-32. 





A PLANE CUBIC CREMONA TRANSFORMATION AND ITS 
INVERSE.* 


By Dr. F. M. Morean. 


1. In the present paper attention is called to a very simple cubic 
Cremona transformation of the plane in which a fundamental point A, 
coincides with a fundamental point A», where by A; is understood a funda- 
mental point of multiplicity 7. Such an example of a Cremona transforma- 
tion is of interest because in 1901 Segret discovered that Noether’sf proof 
that every Cremona transformation can be expressed in terms of quadratic 
transformations is not valid when two fundamental points A; and A, 
come into coincidence. A short time later Castelnuovo$ completed the 
proof so as to apply to this case as well. 

It is also shown in this paper how this cubic Cremona transformation 
with coincident fundamental points gives a simple ruler and compass 
construction for some well-known higher plane curves. 

Zahradink,|| Aubert and Papelier{ give the cubic transformation 


xy’ vy 
tee i Se 
and its inverse 
(2) pease ae OEE ja ea 1a 


) Y1 

Zahradink uses these transformations in considering the cubic curves 
(xy + yi?) (ay: + b21:) + cry: = 0 and aay? + byx? + cla? + y?) = 0, 
while Aubert and Papelier use them in the following exercise. 

Exercise. Consider two rectangular axes OX and OY and any point 
M(x, y) in the plane. (See figure.) Draw MP and MQ perpendicular 
to OX and OY respectively. Draw PR and QS perpendicular to OM. 
Through R and S draw parallels to OX and OY respectively, meeting in U. 
If the coordinates of U are x; and y, derive the transformations (1) and 
(2). By means of these transformations find the transforms of a straight 
line and of a circle passing through the origin. 


V1 





* Read before the American Mathematical Society, September 8, 1914. 
+ Atti della Reale Accademia di Torino, vol. 36 (1901), pp. 645-651. 
t Mathematische Annalen, vol. 3 (1871), p. 164. 
§ Atti della Reale Accademia di Torino, vol. 36 (1901), pp. 861-874. 
|| Casopis, vol. 34 (1905), pp. 329-340. 
4] Exercises de Géométrie Analytique, vol. 1, pp. 152-153. 
184 


A PLANE CUBIC CREMONA TRANSFORMATION AND ITS INVERSE. 135 


Y) 





The properties of these transformations do not seem to have been dis- 
cussed further. These may be found much more easily if the transforma- 
tions are made homogeneous. Calling them S and 7, we have 


Tees oe 
a Yi(a ti Vie (017 a Yi’) j L1Y 121 j 
(ie X1 Y1 a1 

pe Ope er + Yy")zZ @ 


Now if we let 


it ee Y1 al eres | 

Bolo? 'Yoto7 Le" + Yo" |? YZ Le. xY 

it follows that 7 = RI. Since however S“! = 7, we have S7! = RI 
Oise — 0) oy eee Uteieed lua e areed mec uacraticn transtormations, 
and therefore we have found the quadratic transformations in terms of 
which S and 7’ may be expressed. 

2. The Fundamental System of the Plane S. A cubic Cremona 
transformation* has a, = 1, a; = 4 where a; means the number of 7-fold 
fundamental points. In any Cremona transformation it is known that 
the Jacobian curve for the furamental system is identical with the totality 
of fundamental curves of the net.* The Jacobian in the plane S is 
J = xyyi(x. + yi?) = 0. Thus the fundamental points are A,=(0, 0, 1), 
A, = (1, 2, 0), Ai = (1, —72, 0) and A,™ = (0, 0, 1) counted twice. 
The fundamental curves are four straight lines connecting A» to each of 
the four points A,, and the conic x;? + y:? = 0 which passes through all 





* Doehlemann: Geometrische Transformationen, Part 2, pp. 142-149. 
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five fundamental points, (0,01). The point is thus seen to be the union 
of A» and 2A 1: 


3. The Fundamental System of the Plane T. The Jacobian in the 


plane T is J = — 32°y?(2? + y?) = 0. The fundamental points are, 
therefore, As =— (0,0) 1) Ae ae Oe ees (1 ee 
A,® = (0, 0,1) counted twice. The fundamental curves are four straight 


lines connecting A, to each of the four points Aj, and the conic zy = 0 
which passes through all five fundamental points. The point (0, 0, 1) 
is the union of A, and 2A. | 

4. Geometrical Considerations. Construction. A very simple con- 
struction in rectangular coérdinates for finding the point U, given the 
point M, is as follows. (See figure.) From M drop perpendiculars MP 
and MQ to the X and Y axes respectively. Draw the line PQ and drop a 
perpendicular from O to PQ. The intersection of these two lines is U. 
This construction has an advantage over that of Aubert and Papelier, 
in the fact that from this construction it is easy to get M when U is given. 
For, if we draw UO, erect a perpendicular to it at U and call P and Q 
the points where it meets the X and Y axes, then OP and OQ are the co6r- 
dinates of the desired point M. 

If the single infinity of curves x? + y? = a’z? is transformed by S, it 
becomes (a2? + yi”)? = a’ayy2. If this system is first written in non- 
homogeneous codrdinates, and then transformed to polar codrdinates it 
takes the form 2p = a sin 26 which is the well-known polar equation 
of a single infinity of four-leaved roses. Therefore using the construction 
already described, we have a method of constructing a four-leaf rose by 
means of a ruler and compass. 

If on the other hand the system of conics x;? + yi? = @ 2,7 is trans- 
formed by TY, the resulting system is 27y? = a(a? + y?)2?. In non- 
homogeneous codrdinates the curves of this system are quartic curves with 
four asymptotes tangent to the circle x? + y? = a’ and parallel to the axes. 
The origin is an isolated double point on each curve of the system. The 
transformation S? transforms this system of quartics into the system of 
roses. 7” performs the reverse operation. 

The system of conics zy = a’z? is transformed by S into the system 
(ay? + yi’)? = @aiyiz,°.. This system when reduced to polar codrdinates 
becomes 2p? = a?sin 26. Thus from an equilateral hyperbola a lemniscate 
can be constructed by means of a ruler and compass. 

The system of conics 27:2; = a’y,? when transformed by S becomes 
a(x? + y’) = a’y’z? which in non-homogeneous codrdinates is at once 
recognized to be a system of cissoids. Therefore we have a ruler and 
compass construction for a cissoid. 
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Thus not only do the transformations (1) and (2) afford examples of 
Cremona transformations in which two fundamental points coincide, 
but their geometrical interpretation gives us a ruler and compass con- 
struction for some well-known higher plane curves when we start with a 
conic, a curve constructible by the same process. 


DartTMouTH COLLEGE, 
September, 1914. 


RELATION BETWEEN THE ROOTS OF A RATIONAL INTEGRAL 
FUNCTION AND ITS DERIVATIVE. 
. 


By Frank Trwin. 


In the number of the Annals for </ 1914, Hayashi gives a proof, 
the first, so far as known, not based on dynamical conceptions, of the propo- 
sition that if f(z) be a polynomial, and f ’(z) its derivative, the roots of 
f (2) = 0 le in the complex plane within or on the boundary of the 
smallest convex polygon that contains all the roots of f(z) = 0. It may, 
however, be noted that the simple proof reproduced, for instance, in 
Osgood’s Funktionentheorie (2d ed., p. 210), can readily be modified to 
avoid the use of the language of dynamics. 

We are to consider the values of z that make f ’(z) /f(z), that is 








1 1 
2 ee ae 
vanish, 21, --- 2, being the roots of f(z) = 0; or, what is the same thing, 
that make | 
1 1 
z= 7, 1) eee 
vanish, where z, 2:, --- are the conjugates of z, 2:1, ---. Now the vector 


1/(2 — z;) has the same direction as z —z;. If then z lie outside the 
polygon referred to in the enunciation of the proposition, say on the other, 
the outer side of the side AB of that polygon, each of the vectors 
1/(@ — 2), ---, 1/(2 — zn), will be directed from inside the polygon, across 
AB, to outside the polygon, in other words their components perpen- 
dicular to AB will all have the same sense (and none of them will be 
zero); and the sum of these vectors cannot, therefore, be zero. 


BERKELEY, CALIFORNIA, 
October, 1914. 


ERRATUM. 
Volume 16. 


Some remarks on conformal representation. By T. H. GRoNWALL. 


1 < < 
Page 75, line 10, read a (< — di n| an Prt ) instead of 7 ( 1= don! an Pr ) 
v—1 i 
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PROJECTIVE CLASSIFICATION OF CUBIC SURFACES 
MODULO 2. 


By L. E. Dickson. 


1. A preliminary classification is given by the number WN of real 
points (i. e., with integral codrdinates) on the surface. This number N is 
always odd (§ 2), while there are surfaces with 1, 3, ---, 15 real points. 
We need examine only the non-equivalent sets of N points, equivalence 
being with respect to linear homogeneous transformation with integral 
coefiicients modulo 2. In treating the surfaces whose real points are 
those of a fixed set of N points, the automorphs of that set are the trans- 
formations available for the specialization of the parameters in the coef- 
ficients of the surface. 

For each type* of surface without singular points, all of the real 
straight lines are given; the number of such lines is 15, 9, 5, 3, 2, 1 or 0 
(in contrast with the corresponding numbers 27, 15, 7 or 3 for cubic sur- 
faces in ordinary space). 

But the classification includes all cubic surfaces, not a cone and not 
formed in part of a plane.{ 

2. The general cubic form in @, y, 2, w is 


S = ax? + by’? + cz? + dw? + la?y + fay? + gu?2 + haz? + r2?w 
+ yew? + ky?z + dAy2? + my?w + nyw? + p2-w + gqzu” 


+ Ty2 - sxyw + tazw + vyzw. 
Making use of the abbreviations 


An epee gh, C= ae Di k + ), 
HK=m+N, = pq, 


* For certain types the configuration of the real and imaginary lines has been considered by 
the writer in Proc. Nat. Acad. Sciences, April, 1915. 

+t We do not list the quaternary cubic forms C(z, y, z, w) with a real linear factor or those 
equivalent to a ternary form ¢(X, Y, Z). A necessary condition for the equivalence of C and ¢ 
under the linear transformation in which the coefficients of W in z, y, 2, w are a, B, vy, 61s 


Wlosgae o0PNE oCaNecey 20 
SPE] CER MD enc rope ur te 


and hence that the first partial derivatives of C be linearly dependent. Attention will be called 
to the cases in which they are dependent and a special examination made (note that ¢ has the 
singular point 4). For the detection of a linear factor, note that zQ has as singular points all the 
intersections of x = 0, Q = 0. 
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we see that the values of S at the fifteen real points* in space are 


=e LOO ean 2 == (0100 )a2p +) CTO ee A =e (OU0 Ie a 
5 = (1100) :a+b+A 6 = (1010) :a+c+B 

7 = (1001) :a+d+C 8 = (0110) :b6+c+D 

9 = (0101) :b6+d+H#H 10 = (0011) :e+d+F 

11)= (1110)) a be A Bee 

12 = (1101) :a+b+d+A+C+EH+s 

13 = (1011) :at+ct+d+B+C4+F+t 

140 = (0111) bee dD eee 

15 =(1111) ob cd A eee eae aie ioe 


The sum of these linear functions is congruent to zero modulo 2. If 
N be the number of real points on S = 0, N of these functions are congruent 
to zero and 15 —N are congruent to unity. Adding, we see that 0 =15—N 
(mod 2). Hence the number of real povnts on any cubic surface is odd. 

3. N= 15. Let the surface contain all fifteen real points. Then 
the linear functions in the table of § 2 are all congruent to zero, whence 
a= 0) = 30 =) d= A =) BPG ee ee ee) 
(mod 2). Excluding the case in which each coefficient of S is zero, we 
may set / = 1, after permuting the variables. Replacing y by y + gz+ iu, 
we havel=1,g =27=0. Then replacing x by x + kz + mw, we have 
also k =m=0. If p = 0, we have the binary form vy + ay? (three 
planes). If p = 1, we have 


(1) BHC eB) eae ui ae db) 


which has no singular point; just 15 of its 27 straight lines are real, while 
each of its 45 sets of 3 coplanar lines are concurrent. 

4. N=1. The single real point on the surface can be transformed 
into-l.® Then? a, A,B, Cy 1s teaveszero.<whtle 0,16, v0.0) eel eae 
unity. We exclude the case 1 = g = 7 = 0, since S is then free of z. 
Permuting y, 2, w, we may set 1 = 1. Replacing y by y + gz + jw, we 
have l=1, g =j7 = 0. Replacing x by x + ke + mw, we have also 
k=mz=0. Replacing z by z+ pw, we have also p = 0, and get 


(2) (I ptten we ill Dh IE oa Peal eho et ft ee Mier elie! > VEO 


There is no singular point and, of course, no real straight line. 


| 


I 





* We shall need a list of the 35 sets of 3 collinear real points: 


SD eed LiL 1 de Oe ee Nee a ee es 
Aino 44: 849,10 We) ror 6 ese 10 es eee 
Oe) AL 12013) Ab) eS Oy ee Dee 5 LO ee ee ee 
Bh A MAS 8 OB oy TO hIG 2 OR GE Zia le auk Oars als ge LE 
D250" 6B 112! 6 eT 1018 et Oe aS are Dae te eee 
12°13) 14° 15> 8: 49 15°14 “lO 15) JARS 4 OOS eee 2s 
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5. N = 13. We may take 1 and 2 as the two real points not on the 
surmace.s Lhenia,0;.B. C, D, H, t, v are unity and ¢, d, A, Ff, 7, s zero. 
Thus 
S= 2+ y2 + la’y + xy?) + gx?2 + (g + 1l)ae? + ix?w 

+ (a + l)aw? + ky’z + (kh + lye? + myw + (m + 1)yw? 
+ ple?w + zw?) + xew + yew. 


For each of the following transformations, we give the values of the 
altered coefficients: 


Cee — go 1, (kb = bee pti tT: 

© =e+-w: ~vs=ti+il, m=m+h op =n9+g+1; 

Cig Re og) = 9 eee tm 1; 

yoy wr mm =m+1, =1 Fh pe pt ke +1. 
Hitovieye Us) hen wei can make gi. ee, — 0. Ai p =! 0; 

S=@ty@+ay+yr+te2+ewt w’). 

If p = 1, we replace y by y + x and w by w + y and get 

(3) cy(e + y) = ww + 2)(y + 2). 

It has no singular point. Of its 27 straight lines, the only real ones are 

the nine obtained by equating to zero a factor of each member of (3). 


Just 13 of the 45 sets of three coplanar lines are concurrent. 
Second, let 1= 1. As above, we may set g =1=0. Since 


(210): (at) Ue ee 2 2 gen = om +k, 


we may set k = 0, m = 1, unless k = m= 0. In the latter case, we 
replace « by « + y and get a form free of y. In the former case, we apply 
the product of the above transformations 7’ =x+ 2, y’ =y+z, and 
Obtaiinea Ori) having sgn ts 0S = bas betore, but p+ 1 
in place of p. Hence we may take p = 0. Replacing x by x + y, we 
get 

(4) AT wk ie aro LV IRIEL ame WUE are etal 


for which (1110) is the only singular point. It contains only ten straight 
lines, all real; three coplanar lines concur if and only if one of them belongs 
to the pair giving the complete intersection of (4) with w = 0. See end of 
§ 8. 

6. Let the surface contain only three real points and let the three be 
not collinear. They can be transformed into 1, 2, 3. Then a, D, ¢, C, 
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E, F,r are zero, d, A, B, D, s, t, v are unity. Permuting x and y if neces- 

sary, we have | = 1, whence 

S = w+ ay + ga?z + (g + 1)ae? + j(a?w + aw?) + ky?2 + (kh + 1)y2? 
+ m(y?w + yw?) + ple2w + ew?) + cyw + vew + yew. 


First, let k = 0. Interchanging x and z, we get a like S with k’ = 0, 
g’ =g + 1, so that we may set g = 0. Replacing x by x + au, y by 
y + Bw, we get a like S with 7’ =j +8, m’ =m, p’ =ptatB. 
Hence we may set 7 = p = 0, and get 
(5) we + a’y + xe? + ye? + m(y?w + yw?) + cyw + xvew + yeu, 


with no singular point if m = 1, and 2 as the only one if m = 0. 

Second, letk = 1. Ifg = 1, weapply (zy) and have an S withk = 0, 
just considered. If g = 0, replace x by x + pw, y by y+ Ju, z by 
2+ mw; we get — 

(6) w+ avy + we? + y?2 + cyw + xcew + yeu, 


with just three singular points: (2, 2 + 22,2, 1), @+2z+1=0. 
Evidently there is no real line on these surfaces. 
7. Let the three collinear points 1, 2, 5 be the only real points on the 
surface. ‘Then c, d, F are unity and the others zero, so that 


See ey ey) agitate ey tet 
+ kly’e + y2) + myrw + yw?) + pew + (p + 1)zw’. 
We make use of the transformations 
(K) 2 =ax+aet+ Bu:k’ =k+al, m =m+6l, yp’ = ptajt8g; 
(ZL) y=ytyetiws g=gty, f=j+s, p =p tym or, 
(M) 2 =2- ew: 7 = 7g mm =m eke 0 pe 


Tt t= 1, we smatke q=19 -=="Ony7 eo — 7 tO Dyer eve 
and get — 
(7) 2+ w? + ew? + a’y + zy’. 
An evident imaginary transformation on z, w replaces (7) by (1). 

Next, let 1 = 0. If g,J, k, m are all zero, we make p = 0 by M and 


have the binary form z° + w* + zw?. In the contrary case, we permute 
the variables and have g = 1, noting that 


(xy) : (gk)(gm); (zw) : (g7)(km)(p, p + 1). 


Then we make j = 0 by M, p = 0 by K, k = 0 by use of xe =x+y. 
Then if m = 0, S is free of y; while, if m = 1, we have 
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(8) 2+ wi + we + 222 + yw + yw? + zw. 


Neither (7) nor (8) has a singular point. They are not equivalent 
since the line z = w = O through our three real points is on (8) but not on 


(7). 

8. Let the only real points on the surface be five coplanar points. 
They can be transformed into the points 1, 2, 3, 5, 6, viz., all but two of 
w=0. Then d, D, v are unity and the others zero, so that 
S = w? + Ua?y + vy?) + g(az + xz?) + j(22w + ww) + hye 

+ (kh + Lye? + m(y’w + yw") + pew + ew) + yew. 


We make use of the transformation 


(yz) 2 (lg) (k, k -- 1) ane), 


which interchanges the two lines 125, 136, and the following transforma- 
tions, which leave each line fixed: 


Comece ot es kK = el 7 p= pee 
ee = Pp = eg 
Comey we P= 9 ap Speak 
(Ome ee tg = 9 ge on =n 
tometer sy. feo =e gy om! mn: 


First, let g and 1 be not both zero. By use of (yz), we may set / = 1. 
Then by a, 8, y, we may set k = m=j = 0. Ii g = 1, we apply the 
DrOUuUCt Oy rand, have ke— 72 — 7 —.0..9 — Le lep —ip + 1;.so that 
we may set p = O and get 


(9) w + avy + ay? + a?2 + x2? + y2? + yeu, 
with no singular point. If g = 0, p = 0 or 1, we have 
(10) w+ vy + avy? + ye? + yeu, 

(11) we + vy + vy? + y2? + 2w + ew? + yeu, 


the first having 6 as the only singular point, and the second having none. 
There are only three lines on (10): w = y = 0 and y = w, 2 = x + bu, 
?+b+1=0. 

Second, let g =1=0. By use of (yz), we may make k= 0. By 
use of y, we may make p= 0. If{7=0,S is free of x If j= 1, we 
use « to make m = 0 and get 


(12) UW? ee eu ye ae), 


having 2 as the only singular point. 


= Lae a 
gee ae 
PRED eee 
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It remains to prove that (9) and (11), with no singular point, are not 
equivalent; likewise for (10) and (12), with a single singular point. Of 
our five real points, 1, 2, 5 and 1, 3, 6 alone are collinear. The line 
2=.w = 0 through, 2,/5is oneui2 meitenoton (9),:(10)fom Eigen nie 
line y= w =.0 through 1,73) 6 tenon 0) mci), (12). butanotecna): 
There are only ten lines on (12), of which the two just given are the only 
real ones. We can derive (12) from (4) by the imaginary transformation 
replacing x by y,z byz+y, andy by « + y + lw, where ? +/+ 1 = 0. 

9. If five real points are not coplanar, four of them can be transformed 
into 1, 2, 3, 4, and, by permuting the variables, the fifth can be trans- 
formed into & = 5, 11 or 15. Of the resulting sets S, = [1, 2, 3, 4, &l, 
no four points of S;; are coplanar, while 1, 2, 3, 11 is the only coplanar 
set in Sy. In S,, and-S;,; there is no set of three collinear points, while 
in S; the only such set is 1, 2, 5. 

An automorph of the set S; must permute the collinear points 1, 2, 5 
and hence also the remaining points 3, 4. The only transformations 
leaving fixed 3, 4 and the line z = w = O (of 1, 2, 5) are the binary trans- 
formations on x, y only. Next, 3 and 4 are interchanged by (zw), which 
leaves 1, 2, 5 fixed. 

Let the points of set S; be the only real points on the cubic surface. 
Then a, b, c, d, A, t, v are zero, and the others unity. Thus 


S = U(a’y + vy?) + ga?2 + (g + 1)ae? + ta?w + + 1)ew? + ky’ 
+ (kh + 1l)y2? + my?w + (m + l)yyw? + pew + (p + lew? 
relies mes 2eypTRe 
The automorphs of our set of fine points are generated by 
(xy) : (gk)(am); (zw) : (gt) (km) (p, p + 1); 
piste oy: hoe big eas m=m+i+1; 
y =ytae: g=gtk+l, v=itmt+i. 


First, let g, k, m, 7 be not all unity. Since they are permuted tran- 
sitively by the above interchanges of variables, we may set g = 0. Then 
by use ofa’ =x+ywemaysetk=1. Ift = 0,m = 1, wemakep = 0 
by use of (zw), and get 


(13) l(@’y + avy”) + v2? + aw? + ye + yw + ew? + xyz + ry, 


with no singular point if / = 1 and the only singular points 1 and 5 if 
[= 0. If m = 0, we make 2 = O by use of y’ = y +2. By use of the 
product of x’ = «+ y by (ew), we obtain a like form with p’ = p+ 1 
and hence make p = O and get 
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(14) U(a?y + xy”) + xe? + ew? + ye + yw? + ew? + xyz + xyw, 
with the singular point 1 if! = 0, none ifl = 1. If7 = m = 1, we have 
U(a?y + xy”) + v2 + owt yz + yw + pew + (p + lew? 


(15) 
+ xyz + ryw, 


with the singular point 4 if p = 1, none if p = 0. 
Second, let g =k =m=1=1. We make p = 0 by use of (zw) 
and get 


(16) U(a?y + vy?) + we + a?w + ye + yw + ew? + rye + cyw, 


with the singular point 3 if / = 1, and 3, (1y00), y2 + y+1 =0,ifl = 0. 

The line z = w = 0 of the only three collinear points 1, 2, 5 is on any 
of our surfaces having / = 0, and not on those with 1 = 1. For 1 = 0, 
(14) and (15), with p = 1, are not equivalent, since their singular points 
are 1 and 4 respectively. For / = 1, (16) and (15), with p = 1, are not 
equivalent since their real non-singular points other than 1, 2, 5 are 4 and 
3 respectively, and the tangent to the first at 4 is 2 = 0 which contains 
1, 2, 4, 5, but not 3, while the tangent to the second at 3 is w = x which 
contains 2 and 8, but not 1, 4 or 5. 

In view of these facts and the number of singular points, it remains 
only to prove that, for! = 1, (13), (14), (15), for p = 0, are not equivalent, 
these being the only cases in which J = 1 and there is no singular point. 
The tangent plane to (15) at 3 is x = 0, which contains only 2, 3, 4 of our 
five real points; that at 4 is 2 = 0, which contains only 1, 2, 4, 5. The 
tangent plane to (13) at 4 is z = xz, containing only 2 and 4; that to (14) 
at 4isx+y+z= 0, containing only 4 and 5. The tangent plane to 
(13) or (14) at 3is x = 0. Thus the tangent planes to (13) at 3 and 4 
intersect in the line x = z = O, containing only 2 and 4; while those to 
(14) intersect in x = 0, y = 2, containing only 4. 

10. Let 1, 2, 3, 4, 15 be the only real points on the surface. Then 
A, B, C, D, E, F are unity and the others zero. Permuting xz, y and 
z, w, we may set! = p = 0. Then (xz)(yw) replaces S by a like function 
with g’ = g + 1. Hence we may set g = 0 and get 


S = cy? + x2? + t0?w + (a + Lew? + ky?2 + (kh + )y2? + my’w 
+ (m + 1)yw? + zu”. 


If m = 0, we interchange y with z and obtain a like S with m’ = 0, 
k’ = k + 1, so that we may set k = 0 and get 


(17) cy? + xe? + r0?w + (a + Lew? + y2? + yw? + zu, 


with the single singular point 1 if 7 = 0, none ifz = 1. 
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For 71 = 0, we replace y by y + 2 and then x by x+y, w by w+ y, 
and get 


CU72) cu? = y2 + y2? + 23, 


The only lines on this surface are the six inz = 0 orw = 0. Although 
the partial derivative with respect to w is identically congruent to zero, 
the surface is not a cone. 

If m = 1, we add x to y, z, win S and get 


kay? + x2" + ore) (hk + 1) Ge ae er: 
+ a+ 1)a?w + y?w + zw’. 


First, let k = 0 and interchange x and y. If 7 = 1, we interchange y 
and 2 and get (17) for = 1. Tit = 0; we haves with m =1= k = I, 
treated next. Second, let k = 1; we have S with m = k = 1,20’ =71+1. 
Hence we may set 2 = 0. Applying (ywz), we get (17) for 7 = 0. 

11. Let 1, 2, 3, 4, 11 be the only real points on the surface. Then 
a, b, c, d, s, t, v are zero and the others unity. Interchanging x and y, we 
may set] =1. Thenz’ =x+z, y’ = y +2 replaces S by a like form 
with g’ =g +1. Hence we set g = 1. Applying (yz), we may set also 
k=1. We get 


vy + v2 + ie?w + (a + Lew? + yz + my?w + (m + 1)yw? 
+ p2e?w + (p + 1l)zw? + ayz. 


Denote it by [ump]. The cases in which there is no singular point are 
[101], [001], [011]; the second is transformed into the first by 7’ = x + y, 
y =a, 2 =a 2, and thesthirdsntorthetirstaby. cee ee 
2’ =y-+eze. For [111] there is the single singular point 4, which is in- 
variant. For [100], [110] and [010], the only singular point is 3, and no 
two of the surfaces are equivalent since an automorph of our set of five 
points leaving 3 fixed is the identity or (xy). Finally, for [000] the 
partial derivative with respect to w is zero identically; replacing z by 
xty+zandwbyw+2+y, we get 


(18) 


e+ vy + y? + ryz + zu. 


It contains only nine straight lines, all imaginary, 


a 


I 1 
w=prrszy, @= Ue + Py; y=lxz, 2=0; 


Yen ee (?+17+1=0). 
The only singular points are 3 and (a1a?2?+2+41), 2+2?+1=0. 
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12. Let the points 1, 2, 3, 5, 6, 8, 11 of the plane w = 0 be the only 
real points on the surface. Then d is the only letter not zero, so that 


S = w? + U(a’y + xy?) + g(a’2 + we”) + (aw + ww?) + k(y?2 + ye?) 
+ m(yw + yw?) + plew + zw’). 


We employ the transformations (leaving w fixed) 


(a) YSsextw: m=m+tl (= ilar Ue 
(8) e=aty: k=k+g, ma=m+j; 
(y) Peo es kl = k+l p= p+; 
(5) Spa aie i = ee 
(e) Pee Yor f=) Leet Bl. 


First, let 1, g, k be not all zero. In view of 


(xy) : (gk) (gm); (yz) : (lg)(mp), 


wesmay set /— 1. We make m =k =g —7 — 0 by use of a, y, 5, €. 
If p = 0, Sis free of ze. If p = 1, we have 


(19) cy(x + y) = ww? + we + 2’). 


Since its real straight lines must lie in w = O, there are just three. The 
surface is obtained from (1) by replacing 2 by 2+ bw, w by z+ bu, 
where 6? +60+1=0. © 

Second. tete=—g — kh — 00 It), my pearerallrzero, S — w*. In the 
contrary case, we may set 7 = 1 and make m = p =O by 8, y. Then S 
is binary. 

13. Let the only real points on the surface be six coplanar points 
(inewe—= 0) and a point (abel) not in'w — 0s Adding aw, bw, cw to x, 
y, 2, we have the plane w = 0 and point 4. The missing point in w = 0 
can be transformed into 11, without altering w. Since 1, 2, 3, 4, 5, 6, 8 
are the only real points on the surface, a, b, c, d, A, B, D are zero and the 
others are unity. Thus 


S = l(a’y + wy?) + g(az + x2?) + 1a?w + 0 + 1l)ew? + k(y?2 + ye?) 
+ my?w + (m + l)yw? + p22w + (p + l)ew? + o, 
G2 SIE are Hae air ih Sie sip ayib 
We may assume that g, k, | are not all zero in view of 
e=atyte: FW =k+14+ 941, 


(a) / ° i = 
10S am TAP oy a ea D =D sah Ue 
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Then we may take / = 1 since 


(xy) : (gk)(im); (wz) ~ (lk) (ap). 
We may set g = 0. For, if g = 1, we may make k = 0 by a and then 


apply (zy). 
First, let 1 = 0. Making p = 0 by use of a, we have 


(20) ay + xy? + aw? + k(y?2 + yz?) + my?w + (m + l)yw? + ew? + o. 


There is no singular point if k = 1. For m = 1, k = 0, the only singular 
points are 3 and 8; for m = k = 0, the only one is 8. The tangent plane 
at 4 is e+ (m+1)y+z2=0; it contains 11 if and only if m = 1. 
Hence no two of the four types (20) are equivalent. The collinear triples 
determine the lines. 2 = w= 0) 27) =" — 0) ean oe 0) ae 
= w = 0; the first is not on (20), the second is, the third and fourth are 
on Jf and only if ke— 0: 

Second, let z= 1. If k = 1, p = 0, we apply (az) and get an S with 
i= 1, 9 =7 = 0, treated above. HU =p = wenhave 


(21) wy + ay? + a?w + yz + ye? + myw + Om + l)yw? + 2w +o. 


Its singular points are (010), where 2? + x + 1 = 0, and, in case m = 1, 
also 4. Thus no type (21) is equivalent to a type (20). Next, let 
¢ = m = 0; applying (zy), we have an S with! = 1, g = 7 = O, considered 
above. Finally, if k = 0, m = 1, we have 


(22) xv’y + vy? + vw + yw t+ pe2w + (p + lew? + 4. 


The only singular points are 3, 6, 8 if p = 0; the only one is 4 if p = 1. 
Hence no type (22) is equivalent to a type (20) or (21). 

14. Consider five coplanar points and two points not in their plane. 
As in § 13, we may take the five to be 1, 2, 3, 5, 6, composed of the points 
in the two lines 125 and 136 in the plane w = 0, and the additional points 
to be 4, P. Now (yz) permutes 2 and 8, 5 and 6; x’ = x + y permutes 
2 and 5,8 and 11. Hence we may assume that the line joining 4 and P 
meets w = Oat1,2ori11. In the respective cases, P = 7,9 o0r15. The 
resulting three sets of seven points are considered in turn. 

Let 1, 2, 3, 4, 5, 6, 7 be the only real points on the surface. Then 
D, E, F alone are unity, so that 


= I(x?y + ay?) + g(a?z + x2?) + 7(a?w + ww?) + ky?z 
+ (kh + 1l)y2? + myw + (m + l)yw? + peew + (p + 1)zu”. 


If 1, g, j are all zero, there is no x. In the contrary case, we may set 
g = 1 by permuting y, z, w. We make p = 0, k = 1, by use of 
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Geese: k= k+l, pf Sep g; 
eee tk = bg, om =m 7. 


Since (yw) now merely permutes /, 7 and adds 1 to m, we may set m = 0. 
We get 


(23) Sy = Ua?y + wy”) + a2 + v2? + 7(a?w + ew?) + ye + yw? + ew”. 


If 7 = 1 there is no singular point. If 7 = 0, the only singular point is 
5ifl=0Oand7ifl=1. There are just three collinear triples of our 
Sovenetey SpOlOie ls, 0.00 2 =a) = 05119396 on y= Ww = 0;:15.45°/0on 
y=z=0. The first line is on (23) if and only if 1 = 0; the second is 
not; the third is if and only if7 = 0. Hence no two of the four types (23) 
are equivalent. 

For j = 0, the partial derivative of (23) with respect to w is zero 
identically. But (28) is then not a cone. For, if so, its vertex would be 
5 or 7, according as 1 = 0 or 1; but 3, 5, 11 are collinear and also 2, 7, 12, 
while neither 11 nor 12 is on the surface. 

15. Let 1, 2, 3, 4, 5, 6, 9 be the only real points on the surface. Then 
C, D, F, t, v are unity and the others zero, so that 


S = l(a?y + wy?) + g(a’z + x2?) + etn + (4+ 1l)aw? + ky’z 
+ (kh + l)ye? + m(y?w + yw?) + pee w + (p + l)ew? + wew + yeu. 


he collinest triples are [i2eo.(0n 2-— orn) aly, (On y = w = 0): 
2e4, 9(on « — 2 — 0). These lines are’on’ Satvand only if | = 0, g = 0, 
m = 0, respectively. 

First, let] = 1. We may makez = k = 0 by using 


DF sey ae UI tg 96) 50) anil a 
Sete: Wh =k+L p'=ptit+i, 

and then ore p = 0 by use of (ry) (ew) : (gm)(ki)(p, p + 1). We get 
ay + avy? + glare + x2) + cw? + ye? + m(y?w + yw?) 

+ gw? + xzw + yew, 


(24) 


with the one singular point 9 if m = Oenonertieniu— |. 
Second, lets, = Use. We may make i — 1 %,— 0, by use of 
(cy) (zw), and then p = Oby x’ =a+z. We get 


20 Me 2 ec ce Ue ect net t= Lew) | Yes 


The only singular points are 1 and 3 if g = 0; 5if g = 1, m = 0; none if 
g=mz=1. The four partial derivatives are linearly dependent only if 
g = 0, m = 1; but neither 1 nor 3 is an apex in view of 1, 4, 7 and 3, 2, 8. 
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Third, let! = 0,4 =71=0. The case g = 1, m = O may be dropped 
in view of (xy)(zw). By using y’ = y + w, we may set p = 0. Hence 
we have 


(26) g(x?2 + x2?) + aw? + ye? + m(y?w + yw?) + ew? + cew + yeu, 
(g, m) += (1, 0). 


The four partial derivatives are linearly dependent only when g = m = 1; 
but the surface is then not a cone since no one of the four singular points 


y? 
ie (vtuut os), U aaesice |) —-U; 


is a vertex (the point collinear with P and 3 not being on the surface). 
For m = 1,%9'=:0; the only singularspointsis™ lease Ole, — 00-0: we 
replace y by y + 2, w by w + 2, and then x by x + z, and get rw? + 2° 
+ yzw, with the infinitude of singular points (zy00). The plane w = 0 
meets the surface in the triple line w = z = 0 (containing the singular 
points), which intersects the remaining lines z = bw, x = by + bw on 
this ruled surface. 

Fourth, let / = 0, s =1=1. We make p = 0 by use of (vy) (ew) 
and get 


(27) g(a?z + we?) + aw + ye + m(iy?w + yw?) + zw? + xew + yew. 


The only singular points ares and 0 tie —= eed 0 womtied gem 
P= (Oy01), where 7? + y+ 1 -=](Off =O = 16 S80 tia: 
Only in the last case are the partial derivatives linearly dependent and 
the surface is not a cone since the third of the collinear points P, 1, (1y01); 
3, 2, 8; 6, 2, 11 are not on the surface. 

That no two surfaces (24)-(27) are equivalent follows from the 
number and reality of the singular points, the fact that the pair 1, 2 is 
fixed by each automorph of our set of seven real points, so that 5 is fixed, 
and the fact that / is invariant, as well as the pair g, m (in view of the 
initial remark on the lines on 3). 

16. Let 1, 2, 3,4, 5, 6, 15 be the only real points on the surface. Then 
C, D, E, F, s, t are unity and the others zero, so that 


S = l(a’?y + xy”) + g(a?e + x2?) + 122m + GG + 1)ew? + ky’2 
+ (kh + l)y2? + myw + (m + l)yw? + pe?w 
+ (p + 1l)zw? + xyw + vew. 


The only collinear triples are 1, 2,5 (on 2 = w= 0) and 1, 3, 6 (on 
y = w = 0); the first line is on S if and only if J = 0, the second if and 
only if g = 0. 
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First, let 1 = g = 0. We make k = 0 and m = 0 by use of 
(yz) : (Ig)(mp)(k, k + 1), 
a ie ee we, ee ee tag, 


(8) 
m=m+lI+k+1, p=ptgtk+il. 
We get 


(28) ta?w + (0 + Law? + y2? + yw? + p22w + (p + lew? + xyw + aew. 


The only singular points are 2 live =e ee Clee all ote n(): 
second, let 1 = g = 1. We make & = 0 by (yz). By use of 


e=xtyte: ki’ =k+1+4, m=m+i+1, 


(a) 
Dp = pee 


we make m = 0 if 7 = 0, and get 
xy + vy? + a2 + ve? + ew? + ye? + yw? + pew 
+ (p + lew? + xcyw + xew, 
with no singular point. If 7 = 1, S becomes 
2y + vy? + a2 + x2? + a?w + ye? + my?w + (m + 1)yw? 
+ pew + (op + l)yew? + cyw + xew. 


There is no singular yey inap 05 ton ele theronly. ones 15 if 77 = 0 
and 4if m = 1. 
Finally, let = 1,g¢9 =0. Wemake k =7 = 0 bya, B and get 


La Cy ee ole ny Tn ey t- pe-w) 
+ (p + l)ew? + ryw + xew. 


Me TOnLVESINO Mars pOllimisvOnlinp) —iowl jnltepe—emn —. 0: none. il po — 0; 
m= 1. 

Our three cases are distinguished by the invariance of the pair l, g. 
With each case there is no further normalization, as shown by a consider- 
ation of the eight products of (yz), a, 6. 

17. Consider a set of 7 points no 5 of which are coplanar. Then no 3 
of the 7 are collinear. For, if 3 are in a line l, each of the remaining 4 
points lies in a plane with J. But only 3 planes pass through a line l. 
Hence at least 2 of the 4 points are coplanar with lJ, whereas no 5 of the 7 
points are coplanar. 

Certain 4 of 6 points are coplanar since, otherwise, the 20 combina- 
tions of the 6 three at a time would give more than the 15 existing planes. 
Hence we may assume that one of our 7 points is 4 and that four of them 


(29) 


(30) 


(31) 
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arein the planew = 0. Three of the latter can be transformed into 1, 2, 3, 
without altering 4 or w = 0. The only point of w = 0 not collinear with 
two of 1, 2,3 is 11. Thus five of our points are 1, 2, 3, 4, 11. The only 
points not collinear with two of these five and not in w = 0 are 12, 18, 14. 
The latter are permuted transitively by the permutations of x, y, 2 (which 
do not alter our set of five points). Hence we can transform any set of 
7 points no five coplanar into 1, 2, 3, 4, 11, 12, 18, so that all such sets are 
equivalent. 

Since 3 of 5 points are collinear, an equivalent definition of such a set 
of 7 points is that no 3 of its points are collinear. Hence the set can be 
transformed into 7, 9, 10, 12, 18, 14,15. Let these be the only real points 
on the cubic surface. Then, C, EL, F, s, t, v are zero and the others unity. 
By use of (zy), «’ = x + 2, and (yz), we may set 1 = g = k = O, and get 


yO er it pe eT aes Gore Ne oe ss SHE) 


(32) 
+ yz? + my?w + yw?) + ple2w + zw?) + wryz. 


Replacing y by y + z and z by y, we get [2, m + p, mj. In [t, m, pl, 
we replace « by « + y + z and then interchange wv and 2z; we get [7 + 7, 
m+ 7%, i]. Hence [1, m, p] is equivalent to [001] or [000]. The only sin- 
gular points of the latter are (y?+ 1, y, 1, 0), where y? + y-+1=0; 
the only one of the former is 138. 

18. Any set of six real points is equivalent to one of 


S, = [1 2y8/4eekle & = 6, 10.1370 es =a ieere eee ier 
>= [1, 2, 3, 5, 6, 8]. 


For, if the six are coplanar, they can be transformed into the points 2 
other than 11 of w = 0. If only five are coplanar the set can be trans- 
formed into Sz, 4 being the only point not in w = 0. The case in which 
no four of the six points are coplanar was excluded in § 17. 

It remains to discuss the case in which four, but not more than four, 
of the six points are coplanar. We may assume that four of the points 
are in w = O and that a fifth point is 4. If no three of the six points are 
collinear, the argument in § 17 shows that the set is equivalent to S. If 
three are collinear they may be taken to be 1, 2, 5 and 3 to be the fourth 
point inw = 0. The line joining 4 and the 6th point P of the set meets 
w = 0 at a point Q not 1, 2, or 5 (since five points are not coplanar); if 
@ = 3, then P = 10 and the set is Si; if Q = 8 or 11, we apply (&, y) or 
y =y +42, neither of which alters 3, 4 or the line 1, 2, 5, and obtain 
@ = 6, whence P = 13, and the set is S,s. 

We are now ready to discuss surfaces containing exactly nine real 
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points. First, let the only real points not on the surface be the six in 
set >. Then d = r = 0 and the others are unity. We make / = 0 by 
Gye birctelctea—i2” We make g = 1 = m =p = 0 by use of (22), 
xe =x+uw, and y =y+uw, and y =yt+u, 2 =z+u, obtaining 
(33) Cee eee the ew? oye yeh? Pea 

Se IED at CO 08 Cae PEI 
The only singular point is 7. Second, let k = 0. If g = 0, we apply 
{yet es and-then (cy) and get an. S with | = g= 0) & = 1, just 
treated... lig = 1, we make 1 = 0 by x» =x2x+wandm=Obyy’ = y 
+w. Then if p = 1, we replace « by x + 2, y by y + z and get a form 
free of z. If p = 0, we have 


(34) Ce eee fa oO ee eee yD 


se IAL tea Ee Ls 
with no singular point and no real straight line. 


19. Let 1, 2, 3, 4, 5, 6 be the only real points not on the surface. Then 
C, D, E, F, s, t are zero and the others unity. By use of the automorphs 
zx’ =2+ay-+ bz and their products by (yz), we may set 1=g = 0 
and discard the case m = 1, p = O, obtaining 


ee ee ee ee a CeCe ye 1 yz") 
+ m(y?w -- yw") + p(zw + ew’) + xyz + yew, (m, p) + CL, 0). 


No two of these types are equivalent. If m =p =k =0,7= 1, we 
replaces wuby W449, 9 by y+ 2 and gerry wy? + yz + 2 
+ wy + w?). Replacing « by x + w, zby z+ w, we get ry? + we(z + y), 
a ruled surface with the directrices x = w = 0, y = 2 = O and ruled lines 
y = az, w = oct[(a+1);% =2=0;2=0, y =z. * Its singular points 
are (x00w). For the remaining cases, the only singular points are 


form=p=0: 15 if k=1, 7 =0; 7 if k=j=1; 15, (Olez+1), 
2t2eget1l=0,itk =7 = 0; 

LOL eae ee ee eel 2 ome eee ak; 9, 10, 11oif 
4= 1,4 = 0; 14, (ww li ww tw + l= 0,1 7 =k = 1. 

fore ie De e ae wie om ei > none i 7 = Ke. 


(35) 


The collinear triples are 7, 8, 15 on y = 2, 4 = w; 7, 11, 14 ony = 2, 
g=2+w;8,9,10 ont =0,4¥ =2+4+ 4;8,12,138 ont =wyy =2+ 4; 
Oeelieetoc On v =e2.y—es ie 0, hie ieone ey, 2: = yo w.« Kor 
m = 0, p = 1, the first line is not on (35), the others are on if 7 = 0, & = 1, 
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k =0,k = 9, k = 7, respectively; in particular, with just two real lines if 
eh Hae 11, 

20. Let 1, 2, 3, 4, 5, 10 be the only real points not on the surface. 
Then a, b, c, d, A, F are unity and the others zero. We make l = p = 0 
by use of (xy) and (zw); and get 7 

lojkm] = 2? + y? + 2 + ow? + ay? + g(a’2 + x2") 
+ jew + xw*) + Kye + ye?) + m(y’w + yw") + zw. 


The only transformations permuting forms of this type are generated by 


(36) 


/ 


CS yy = et ey ee ee 2 --p: 


Under these, [0000] is invariant; [1001], [0111], [1110] are permuted; 
[0110], [1011], [1101] are permuted; while the remaining nine are per- 
muted. Hence there are four non-equivalent types (386). Type [1000] 
has the one singular point 6, dependent derivatives, but is not a cone. 
Type [1001] has the singular points 6 and (a 1a”+ 11), x arbitrary; by 
the transformation 


X=e+tytu,. Y=yru, Zt 2) Wee 2 2, 


[1001] equals XY? + ZW?, with the singular points (X0Z0); it is a ruled 
surface with directrices «x = z = 0, y = w = O, and ruled lines z = d’z, 
y = dw,andz = w=0. Type [0110] has no singular point and the single 
real line z= 2x, y= w. Type [0000] has no singular point; the only 
three real lines on it'are 2 = 2° = wi y=) = Ws ee 
an evident imaginary transformation, cogredient in x, y and 2, w, trans- 
forms it into (1). 

21. Let 1, 2, 3, 4, 5, 18 be the only real points not on the surface. 
Then a, b, c, d, A, vare unity and the others zero. By useof 7’ =x+y, 
we make | = 0 and get 


ey? + 2 + w+ ay? + glare + x2") + 7 (2?w + rw’) 
+ k(y?z + yz?) + m(y?w + yw?) + pew + zw?) + yew. 
First, let g=j=1. I k =m=1, the only singular pointe are 
8, 9, 15 if p = 0, and (0w%w), where w -- 2 - bo — Opal pn le 
km = 0, we make m = 0 by (ew), and k = 0 by 
(a). R=) ww = 1 Sie og oe 
v=ktm+1, ph =optjt+il. 


Then the singular points are 6, 7, 15 if p = 1 and (Oyy?1), where y? + y 
hs O at 0: 


(37) 
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Second, let gj, = 0. We make j = 0 by (zw) and then g = 0 by a. 
In view of (zw), we may interchange k and m. For k = m = 0, the only 
Sinculatepointcnares(yuyl), y= 1, if p = 0} and none if p= 1.) For 
k = 1, m = 0, the! only singular points are 10 and 11 if p = 1, none if 
p=0. Fork = m = 1, the only singular points are 11 and 12 if p = QO, 
deli see 

The resulting types (37) having the same number of real and imaginary 
singular points are seen to be not equivalent either by the incidence of 
these points with the invariant plane y = 0 or by the intersections of the 
latter with the surface. 

The types (37) with no singular point have7 = g = m = O, and either 

= 0,p =lork =1,p=0. For the former the three real lines on the 

Butiace are y — 2,2 + w= 0 orz, andy=w,2=2+w. The last is 
the only real line in the second case. _ 

22. Let 3, 6, 9, 10, 12, 13 be the only real points not on the surface. 
Since no three of the six points are collinear, the set is equivalent to S of 
$18. Thenc, D, E, v are unity and the others zero. We get 


2 + U(a?y + xy”) + g(a?e + x2?) + j(a?w + ww) + ky’2 
+ (kh + l)ye? + my?w + (m + 1L)yw? + ple2w + ew?) + yew. 


We normalize by the transformations 


(38) 


ev =atayt+ bet+ 72; y =ytet+u, 2 =u, i =a3g. 


ends 2. Pits, let? — 0.” lig = —0ee does not: occur. In 
the contrary case, we may make7 = 1,g =p =m=0. Then the only 
singular point is 2ifk = 0,11ifk = 1. Second, let? = 1. Wemay make 
k=m=j=0. For g = 1, there is no singular point if p = 0 and the 
factor y +2if p=1. For g = 0, there is no singular point if p = 1, 
while the only one is 7 if p = 0. No two of the resulting types are 
equivalent. Those with no singular point are given by 1!=1, k=m™ 
ee anced 91 Us0r, 0 =) 0p — leach has only three real 
straignielines: for the iormer, yo —-2 — 0; y= gaa —"0; and y = 2 = w; 
POPs COCIay eae) Te an) df ima 2 ny a 

23. Finally, consider the surfaces with exactly eleven real points. 
Here let 1, 2, 3, 5 be the only real points not on the surface. Then d, B, 
D, r, t, v are zero and the others unity. We makel = 7 = m = 0 by (zy), 
zx =x+uw, and y’ =y+w. By the product of 2’ =2+y, y’ =2, 
and the last two transformations, we make g = 0, and get 


et yt 2+ ay? + vw? + k(y?2 + y2?) + yw? + pe?w 


(39) 
+ (p + l)zw? + xyw. 
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If k = 0, we make p = 0 by 2’ = z + w; then the only singular point 
is 13. For k= 1, the-only. singular pointsrare 7,051.0 lice a Oe 
y +1, 1) where y? + y +1 =0,if p = 0. 

24. Let 1, 2, 3, 11 be the only real points not on the surface. Then 
a, b, c, C, E, F are unity and the others zero. Thus 


S=e2+ y+ 2+ l(ae’y + ry?) + glare + xe?) + 9G + 1)a’w + jau" 

+ k(ye se y2*) ony ete Lye 4p ae) 

If lg = 0, we make l = g = O by (yz) : (lg)(mp) and 
(a) (20 SMe ey = Ye egy ton eect (ates 
DD ele Uiiap 1h: 

We makej = m = 0 by 2’ =a+wandy’=y+w. Ifk = 0, we make 
p =Oby 2’ = 2+ w and get | 
(40) e+ y + 2 + a?w + yw? + zu”, 
with the one singular point 14, not a vertex by 14, 15, 1. Next, let 


= 1. If p = 0, we replace y by y + 2 and obtain a form free of z._ If 
p = 1, we have 
(41) e+y+ 2+ aw + ye + ye? + yw? + 2h. 
The latter has no singular point and contains exactly five real straight 
linessvy =l0f92 = 923 Yo = = ee ee ee 
w=O0,r =y+z. 

Next, Jet? = 9 = 1. (lf k= 0 weeapp yy ae ee eee 
and) have | =(g°= 0, just treatedsasUhus: etepe—sl.eeylakce eam, 
oe ow. lm = 0, “make ops--308 by ec ee tae ee eal ce 
m = 0 by (yz). Hence we may set m = p. Replacing x by x+y+2 
and then y by y + z, we get a form free of z. 

25. Lastly, let 11, 12, 13, 14 (in preference to 1, 2, 3, 4) be the only 
real points not on the surface. Then 7, s, ¢, v alone are unity. We get 


Ua’y + xy’) + glare + x2") + j(a’w + zw’) + k(yre + ye?) 
+ m(y?w + yw?) + pew + ew?) + vyz + cyw + xew + yew. 


The only available transformations are the permutations of x, y, 2, w. 
The six coefficients J, ---, p are permuted transitively since 


(xy) : (gk)(gm); (wz) : Uk)(gp); (ww) : (lm) (gp). 


If all six are zero, the only singular points are 1, 2, 3, 4, no one being 
a vertex. If five are zero, we may set ! = 1; the singular points are 38, 4. 


(42) 
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Next, let J = 1 and a single other one be unity; the surface with g = 1 is 
transformed into that with k, 7 or m unity by (vy), (zw), (vy) (zw); in the 
remaining case p=1, x+y+z+w is a factor. For 1!=g=1, 
7 =k = m = p = O, the only singular points are 4, 7. 

Til =g =j =1,k =m = p = O, the only singular point is 15. By 
comic mewemOntalnie l=) /e'= m=. 1. 9 Next) il tl =\g-= hi =o) or 
1 =7 = m= 1 (and the remaining coefficients vanish), « + y + 2+ w 
is a factor. The six remaining cases in which / = 1 and two further 
coefficients are unity are derived by use of (xy), (ww), (yz), (yw), (wzy) 
from the case l=g = m= 1. For the latter, 10 is the only singular 
point. 

If a single coefficient is zero, we may set 1 = 0. The only singular 
points are then (7100), 77 +2+12=0. If only two coefficients are 
zero, we may set = p = 0 or !=g=0. In the first case, the only 
singular points are P = (7100), x7 -+2-+1=0, and Q = (0021), +2 
+ 1 = 0, no one being a vertex since P and 3 are collinear with (7110), 
Domecimeriem-uriace.. Borie— 9 —10..4)=se—e7e—ape— "1 there 1s no 
singular point and just five real lines: 2 = w=0; y=w=0; w = 0, 
eee et — 0, — 2 wy — 2 oe or ewhich the first three 
are coplanar but not concurrent, while the first and last two are coplanar 
and concurrent. 


UNIVERSITY OF CHICAGO. 





NORMAL FORMS FOR ONE- AND TWO-SIDED SURFACES. 


By James W. ALEXANDER, II. 


1. In view of the difficulties that are still to be overcome before normal 
forms can be obtained for manifolds of more than two dimensions, a 
simplified treatment of the analogous problem for closed surfaces may be 
worth mentioning. We shall prove that all one-sided surfaces of a given 
connectivity k are topologically equivalent and can therefore be reduced 
to a single normal form; also, that the same is true of all closed surfaces 
of a given genus p = (k — 1)/2.* Wherever the reasoning is of an intu- 
itional character, it may readily be put into perfectly rigorous form by 
means of known theorems. We shall assume that the connectivity of a 
surface, as defined by the generalized Euler relation 


ayo — ay t a = 3 —&k,t 


is finite and invariant, and furthermore that the sphere is a normal form 
to which every closed surface of connectivity 1 may be reduced. | 

2. Upon any closed surface S, let us describe as many non-intersecting 
closed paths as possible without separating the surface into distinct regions. 
According to the assumptions made in $1, the number of these paths is 
finite. Then if we cut the surface S along the paths, there will remain a 
surface S’ bounded by certain curves which we shall suppose to be k — 1 
in number. The points of these boundary curves will be included in the 
surface S’ so that there will really be two points of S’ to every point of a 
cut in S. | 

It can easily be shown that the surface S’ is equivalent to a sphere 
from which k — 1 simply connected regions have been removed. For if 
we were to match the edge of a simply connected bounded surface along 
each of the bounding curves of S’, we should obtain a closed surface S’”’ 
consisting of S’ and the adjoined surfaces. Moreover, the surface S” 
would surely be equivalent to a sphere, otherwise a closed cut could be 
made in 8S” without severing it. But if this were possible, the cut could 
always be made in such a way as not to pass through the adjoined surfaces, 

* A proof of this theorem is sketched in the article on Analysis Situs by Dehn and Heegaard 
in the Encyklopidie der mathematischen wissenschaften where references to the literature will be 
found. 

+ In this equation ao, a; and a2 represent the number of vertices, edges, and faces respectively 


of an arbitrary decomposition of the surface into simply connected pieces. 
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the latter being simply connected. We should thus be able to make a 
closed cut in S’ without severing it, contrary to hypothesis. The surface 
S’ will for convenience be regarded as a Riemann plane from which the 
interiors of k — 1 circles have been removed. 

3. Now two classes of closed cuts may be distinguished on a surface. 
If we start at a point P on one edge of the cut and describe a path which 
follows along the cut without crossing it, we shall return, after having 
made a complete circuit, either to the point P or to the point P’ homologous 
to P but on the other edge of the cut. When the first of the two possi- 
bilities is realized, the cut is said to be two-sided; in the contrary case, it 
is said to be one-sided. A two-sided cut gives rise to two boundary curves 
which are in point-for-point continuous correspondence with one another; 
a one-sided cut gives rise to a single curve only, consisting of two seg- 
ments ABC and CDA which are in point-for-point continuous corre- 
spondence with one another. 

A. Returning to the representation S’ of S in the eee plane, we 
shall distinguish three types of bounding circles. 

I. Circles arising from one-sided cuts, opposite points of which (i. e. 
points at the extremities of the same diameter) correspond to the same 
point of S. 

II. Pairs of circles arising from two-sided cuts and such that when a 
point P be made to describe one of the cuts, the two images of P in S’ 
always describe their respective circles in the same sense. 

III. Pairs of circles arising from two-sided cuts and such that when a 
point P be made to describe one of the cuts, the two images of P in S’ 
describe their respective circles in opposite senses. 

5. When and only when the circles of the surface S’ are all i type 
III, the surface S is two-sided. In this case, S’ can readily be reduced 
to any one of the well-known normal forms. Thus, Klein’s normal form, 
the sphere with p handles, is obtained by deforming the surface S’ in such 
a way that each circle becomes the extremity of a tubular neck protruding 
from the body of the surface. By joining corresponding circles to one 
another, each pair of tubular necks will give rise to a handle. 

Another convenient normal form for a two-sided surface other than a 
sphere is a plane bounded by p rectangles, where opposite points of a 
rectangle correspond to the same point of S. This form can be obtained 
at once if we cut the surface S’ along a set of non-intersecting curves, 
one for each pair of circles, and such that each curve joins a point of one 
circle to the point on the other circle of the pair which represents the same 
point of S. For every curve of the new boundary can then be deformed 
into a rectangle, two of whose sides will correspond to a pair of circles, 
while the remaining two will correspond to the edges of a cut. 
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Finally, if we deform all of the rectangles so as to make a corner of 
each pass through the same point P, we shall have another well-known 
form, a simply connected surface bounded by a chain of arcs 


aib1a1 1b1 1d2bea2 1b. 1, ---, Dds EU ee 


which may be deformed into a polygon. 

6. The model S’ of a one-sided surface S contains at least one circle of 
Type I, or else a pair of circles of Type II. Let us first observe that 

A pair of circles of Type II can be replaced by two circles of Type I. 

Join the points P and Q of the first circle to the two corresponding 
points P’ and Q’ respectively of the second by means of two simple non- 
intersecting curves p and q respectively. Cut the surface S’ along the 
lines p and q, thereby severing from S’ a piece H bounded by one edge 
of the cut p, an are r of the first circle, one edge of the cut qg, and an arc s 
of the second circle (Fig. 1). 





Eigerd: 


Now the arc r of the first circle measured from P to Q corresponds to 
the same points of the surface S as the arc s’ complementary to s on the 
second circle measured from P’ to Q’. Similarly, the arc s measured from 
P’ to Q’ corresponds to the same set of points as the are r’ complementary 
to r measured from P to Q. We may therefore re-affix the element EF to 
the surface by matching s against r’ and r against s’. The openings which 
corresponded to the circles are now closed up and there remain two other 
openings, one bounded by both edges of the cut gq, the other by both edges 
of the cut p. The boundary of each of these openings is equivalent to a 
circle of Type I. 

Furthermore, 


* The symbols a; and a;! denote the same arc, but in one case, the arc is described in one 
sense, in the other case, in the other. 
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A pair of circles of Type III may be replaced by a pair of Type IT, pro- 
vided there exists at least one circle of Type I. 





Fig. 2. 


For let 1 be a circle of Type I, and 2 and 3, a pair of circles of Type 
III. Ifa cut g be made joining two opposite points of 1, a piece E of the 
surface will be severed from the rest. The surface H may be rejoined by 
matching the arc of the circle 1 belonging to EL with the complementary 
arc, since the two arcs correspond to the same points of S. The circle 1 
is thereby replaced by a curve composed of the two edges of g and equiv- 
alent to a circle of Type I. But the surface H must have been replaced 
with its lower and upper faces interchanged, since opposite points of the 
circle 1 corresponded to one another. ‘Therefore, the sense of any closed 
curve traced upon # must have been reversed by the transformation. If 
then the cut gq be chosen so that the surface # contains the circle 3 but not 
the circle 2, the pair will be transformed from one of Type III to one of 
Type II. 

By means of the above two theorems, the diagram S’ of a one-sided 
surface can always be reduced to a plane surface bounded by k-1 circles 
of Type I. Another normal form can be obtained by deforming the k-1 
circles into curves passing through a common point P. Remembering 
that each circle may be subdivided into two ares which correspond to 
the same arc of the surface S, we shall then have the one-sided surface 
S represented by a simply connected surface bounded by a chain of arcs 


Q101A202 +++ Ap—1AK-1 


which may be deformed into a polygon. 


PRINCETON, N. J. 


MINIMA OF DOUBLE INTEGRALS WITH RESPECT TO 
ONE-SIDED VARIATIONS.* 


By Cuarues ALBERT FISCHER. 


In some problems in minima of double integrals the surface over which 
the integral is taken is restricted to lie in a given closed region R. Then 
it may happen that there is no extremal surface bounded by a previously 
given space curve which lies entirely in R, but that there is a surface 
bounded by the given curve, consisting of an extremal surface and a 
part of the boundary of #, which minimizes the given integral. In the 
first two sections of this paper some necessary conditions for such a mini- 
mum are derived, and in the last section there is a set of sufficient con- 
ditions. 

The treatment of the analogous problem where the variations are 
unrestricted has been greatly simplified by Radon.+ He shows that if 
the value of the double integral 


OL MOLLOY OU m0 anos 
[fel Dy = ou? av? du’ dv? du’ 5. ) dude 
is to be unaffected by any change in the parametric representation of the 
surface over which the integral is taken, must be expressible in the form 


OL Ot COUR OU mo ceo. 
(2, Y; are av? au’ av? au’ =) ips Hl, Y, 4, aS Ibs, C), 
where 
A = OY 2) _ 92, x) c= Oy) 
A(u, v)’ A(u, v)’ (u,v)? 











and then the proofs are much simpler. Consequently, the integral for 
which a minimum is sought will be given in the form 


J a exc: Fea Wh MELON DE 
QO 


$1. The Analogue of the Lagrange Equation. 


Suppose there is a surface of class D’’f consisting of an extremal sur- 
face, | 
* Read before the American Mathematical Society, Apr. 24, 1915. 


+ Monatshefte fiir Mathematik und Physik, 22 (1911), p. 53. 
t Bolza, Vorlesungen tiber Variationsrechnung, p. 664. 
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S: t= xu, v), = y(u, dv), a 2(u, v), 


and a part of the boundary of R, whose equations are 


8: L=2u,), y=Yylu,r), z= zu, »), 

which gives as small a value to the integral J as any other surface of class 
D’, belonging to FR, that is in its neighborhood, and is bounded by the same 
space curve. The surface S will be assumed to be of class C”’, and its 
equations taken in such a way that A, B, C agree in sign with the direction 
cosines of the normal to S directed into R. The intersection of S and S 
will be called 

L: er etkS) eon a US) nee), 


where s is the length of arc. 
A function w(u, v) will be selected, which is of class D’ in the neighbor- 
hood of S, vanishes along L, and is nowhere negative. Then if 


sa = cAw(u, 0), sy = eBu(u, v), bz = eCu(u, v), 


the varied surface is entirely in R, for small positive values of ¢«, and the 
first variation of J becomes* 


2 22 s sate xy 
ape a] | 7 (2, We Soy | CE ee OF Cu. »)\dudo. 
It follows that 
Ox? 02? 
(1) P (24,250, $5) z0 


at every point of the part of the boundary of R which belongs to the 
minimizing surface. 


§2. The Angle of Intersection of S and 8. 


It will next be proved that the surfaces S and S must intersect at such 
an angle that the Weierstrass H-function, 


E(a, y, 2; A, B, C; A, B, C) = F(a, y, z, A, B, C) 
7 AF 4(x, Y, &, A, B, C) wy SPA Y, &, A, B, C) hh CF o(z, Y, &, hy Jey, OG, 


vanishes at every point of L. 

Suppose that there is a point P where it does not vanish. ‘Then there 
is a segment of Z including P on which # has a permanent sign. Let 
w(s) be a function of class C’’ which agrees in sign with EH in this segment 
and vanishes outside of it. The segment will be taken small enough to 
exclude any points where any of the derivatives x’(s), y’(s) and 2’(s) are 


* Radon, loc. cit., p. 58, equation (15). 
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discontinuous. Then a part of S including this segment of L can be re- 
presented by equations of the form 
vt = x(s, n), Uae y(s, n), a. 2(s, nN), 


where n is the length of a curve on S normal to L. Since E(2, y, 2; A, B, C; 
A, B, C) is homogeneous in A, B, C such a change of parameters does not 
affect its non-vanishing. Three functions, é(u, v), n(u, v), ¢(u, v), will 
now be chosen in such a way that they vanish along the boundary of 
, and their values along L are 


E(u(s), v(s)) = Fn(s, 0)a(s), 
n(u(s), v(s)) = yn(s, O)a(s), 
¢(u(s), o(s)) = Zn(s, 0)a(s). 


We take also the one-parameter family of surfaces defined by the equations 


t= xu, v) + €&(u, v), 
S y a y(u, v) ta en(u, v), 
z= 2(u, v) + ef (4, 2). 


The increment AJ is then the difference between the value of the integral 
taken over S and a part of S, and its value taken over S and a slightly 
different part of S. The first variation is found to be* 


a, fae Th 
sJ = ef [ T(AE +Bn + Co)dudv — ef 3, ee NTs 


vs Ys &s 


+ ¢ lim BRE F(x, y, 2, A, B, C)dudv 
e=0 AS 


1 Ns, €) Lo) MEAS ee 
-=[{ F(x, y, 2, A, B, Cydnds|, 


The first integral vanishes because S is an extremal surface. The region 
AS is the part of S between its intersection with the set of tangents to S 
normal to L, and its intersection with S itself. Since the area of this 
region is of the second order with respect to e, the limit of the integral 
taken over it divided by € is zero. The limit of the last integral is equal 
to the line integral 





(2) 


— | Fo, y, 2, A, B, C)w(s)ds. 


* Compare with Radon, loc. cit., p. 58, equation (15). 
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Since 
OCY eye dy a) 
Ome Os, 7) ee le a 


II 

Kr 
Q 
fe 
RI 
© 2 
Sees 

oy) 











equation (2) may now be written 
iJ = — ef EC, y, 2 A, Bi Oy AB Oatsjas, 
L 


which does not vanish. Consequently there is no minimum. It follows 
that neh | 
E(x, y, 2; A, B, C; A, B,C) = 0 


at every point of Z is a necessary condition for a minimum. 

This condition is satisfied identically if S and S have the same normal 
at each point of their intersection. 

In the special case where x and y are the independent variables, and 


J=Sffa, y, 2 p, Odxdy, 


the function F becomes* 


Fe, 9, 2, A, B, 0) = 5 (2,9, GG NG 


C @ 
and A = — p, B= —q, C =1. If these values are substituted in the 
function 7,7 it becomes 
072 072 072 
Dee ne ae va ee od — for ana — “Fea 5njy — 19294? 


which is the left member of the Lagrange equation for the problem, and 
the Weierstrass H-function becomes 


f(a, y, 2, B,D —S(a, ¥, 2, P, ) —(P— Pf v(2, Y, 2 P» D—(G—-DOf ol Y, 2, Ps D- 


§ 3. Sufficient Conditions. 


Sufficient conditions can be derived by a method similar to that used 
by Knesert for the problem where the variations are unrestricted. 

The first condition is that the given surface So shall consist of an ex- 
tremal surface, and a portion of S the boundary of R, at every point of 
which the inequality (1) is satisfied, and the two parts of Sp shall have the 
same normal at each point of their intersection. The second condition 
is that So shall be embedded in a family of surfaces S., each consisting of 
an extremal surface and a part of S» or else of an extremal surface alone, 

* Bolza, loc. cit., p. 665. 


TiRadon: loc..cit.,. p57; 
t Kneser, Lehrbuch der Variationsrechnung, p. 300. 
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such that every point of R in the neighborhood of So lies on one and only 
one extremal surface of the family, and such that any of the extremal 
surfaces and S shall have the same normal at each point of their inter- 
section. The last condition is that if A, B, C are proportional to the di- 


rection-cosines of the normal to the extremal surface and A, B, C’ pro- 
portional to the direction-cosines of any other line, 


Eig, ys 2. A. BC elena ee. (), 


at every point in this neighborhood. 

It will be proved that if these conditions are satisfied the surface So 
gives a smaller value to the integral J than any other surface S of class D’ 
which intersects Sy along the boundary of the region over which the 
integral is taken, lies entirely in the neighborhood of S» defined above, and 
is not tangent to an infinite number of the surfaces S, along parts of their 
intersections. 

It can be assumed that no part of S is between S, and S because the 
variations are unrestricted over the part of S ) which does not coincide 
with S, and sufficient conditions for a minimum with respect, to un- 
restricted variations are assumed. The surface S will intersect a certain 
number of the surfaces S, in a set of closed curves Ly. The last surface 
Sa which it touches will be called S,,. The function J(a) will be defined 
as the integral J taken over the part of S between Ly and L, and over the 
part of S, bounded by L,. Thus J(0) = J(So) and J(a,) = J(S), and 
it must simply be proved that J(a,;) — J(O) is positive. 

If the equations of S, are 


Sa: c= x(u,v), y= ylu,v), 2 = 2(u, »), 


the equations of Sa:,. can be put in the form 


t= CU Ve ea Oa A 
Sataai y = yu, v) + Bolu, v, Aa), 
2 = 2(u, wy) + Cau, Aa): 


The parameter a will be chosen in such a way that a; > 0 and the partial 
derivative w,.(u, v, 0) > O also. The equations of the part of S between 
La and La+aa, excepting possibly in the neighborhood of points where the 
direction angles of LZ. are discontinuous, can be put in the form 


AS: r= Z(s, n), y = 9s, n), z = 2(s, n), 


where s is the length of arc measured along Z,, and n is the length of a 
curve normal to L,. The value of n on Lgi,. will be called N(s, Aa). 
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The equations of the projection of AS on S, will be expressed in terms of 
sand n’, where n’ is the length of the projection of an n-curve. If N’(s, Aa) 
is the value of n’ on the projection of La.,., and @ the angle between the 
normals to S and Sz, it is evident that the limit of N’/N is cos 6, if Aa 
approaches zero. ‘The derivative of J(a) is seen to be 


aoe ae 
a lim ff aa" + Aw, y + Ba, ---) — FG, y, ---))dudv 
(3) 





Aa=0 
ate i) (F(a, y, 2, A, B, C) — F(a, y, 2, A, B, C) cos 0).N ,ads. 
Sts 


The first integral is equal to 





F, F. F, 
(4) If i Tete eae C2) adudy ff A B Cay: heen: 
e Sa J bi 
#,(s,0) f(s, 0) (8, 0)| 


The existence of the partial derivative Nx. can be proved by finding its 
value in terms of w,,. At every point of Lasaa 


xis, Nye Aals, No Aas satse wy ), 
y(s, N’) + Bas, N’, Aa) = 9(s,.N), 
2 SiN Aeon Ol See Ne A ea SV.) < 


If these equations are differentiated with respect to Aa at Aa = 0, they 


become 
Awya => (oa ae 4b COs O)INees 


Doig ef COS. ON age 
Casal —al2,-— Zar COS ON AG. 


The coefficient of N.. is different from zero in at least one of these equa- 
tions unless S is tangent to S,, and that case will be considered later. If 
these values are substituted for Aw,,, Box, and Cw,, in the line integral 
in expression (4), it becomes 


Ee I Annee ya aoe Riccsiaiey FG — C cos 6)/N x8. 
La 


Combining these results and making use of the identity 


Peay ere iss C) = AF,+ BF,+ CF¢, 





* The sign of this line integral is different from the corresponding sign in equation (2), because 
the region considered is on the opposite side of the bounding curve. 
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we reduce equation (3) to 


sf if T(A2+ B+ C2)coadudo + i E(a,y,2; A,B, C; A, B, €)N ads. 


The double integral cannot be negative and the line integral is positive. 
Consequently 


If S is tangent to S, along a part of one and only one curve Jy, such as 
La, and 6 is an arbitrarily small positive number, the inequalities 


kan) J (a: =o) aU; J(a’ — 6) — J(0) > 0, 


are satisfied, and both quantities increase as 6 decreases. But |J(a’ + 6) 
— J(a’ — 6)| can be made arbitrarily small by taking 6 sufficiently small. 
It is evident then that 


JUS) — JOSo) =a yee een 


A similar argument can be made if S is tangent to a finite number of the 
surfaces S,. The case where it is tangent to an infinite number of them 
will not be considered here. 
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A NEW PROOF OF SYLOW’S THEOREM. 
By G. A. MILuer. 


The main part of Sylow’s theorem relates to the fact that a necessary 
and sufficient condition that any group G of finite order g contain a sub- 
group whose order is p*, p being a prime number, is that g is divisible by 
p*. In particular, if p* is the highest power of p which divides g, then G 
contains at least one subgroup of order p*. This theorem was first proved 
by L. Sylow in the Mathematische Annalen, volume 5 (1872), page 584. 
Among the later proofs those by A. Capelli, E. Netto, and G. Frobenius 
are most noteworthy from the standpoint of originality and simplicity. 
The present writer has recently pointed out* that a simple proof of this 
theorem can also be obtained by modifying only slightly the method 
employed by A. Cauchy to prove the special but fundamental case that 
G contains a subgroup of order p whenever g is divisible by p. 

Notwithstanding these various known proofs it seems desirable to 
direct attention to the following very elementary proof, especially since 
this proof follows almost directly from an elementary theorem which is 
of interest on its own account. This theorem may be stated as follows: 
The number of the substitutions of degree p® and of order p in the symmetric 
group of degree n is prime to p whenever p® is the highest power of p which 
does not exceed n. 

For simplicity we shall first consider the case when n = p® in proving 
this theorem. It is evident that the subgroup of the symmetric group of 
degree p® which is composed of all the substitutions of this symmetric 
group which are commutative with a substitution s of degree p® and of 
order p is of order ips 


pil 


p Dess!, 


In fact, s is composed of p* cycles and these cycles are permuted ac- 
cording to the symmetric group of degree p*®! under the group which 
transforms s into itself. 
All the factors of p*! which are divisible by p are evidently contained 
in the series 
p, 2p, 3p, +--+, p** + p. 


Hence the order of this group involves the highest power of p which divides 


*G. A. Miller, Bulletin of the American Mathematical Society, vol. 16 (1910), p. 511. 
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p*! and hence the number of conjugates of s under the symmetric group of 
degree p® is prime to p. 

Having proved the theorem in question when n = p® it is not dif- 
ficult to prove it in general. In fact, the number of the substitutions 
which are similar to s and which are contained in the symmetric group of 
degree p® + k is evidently equal to 


IV CPE oa nae Pacer) 
k! : 





where N represents the number of these substitutions in the symmetric 
group of degree p®. As p* + k and k are divisible by the same power 
of » whenever p® < p® + k < p®*, the theorem in question has been 
proved. 

To prove Sylow’s theorem by means of the theorem which has just 
been established let G be any group whose order g is divisible by p* but 
not by p*t!, and represent G as a regular substitution group. Suppose 
that p® is the highest power of p which is less than g, since the case when 
g is a power of p does not require consideration, and consider all the 
possible substitutions on the g letters of G which are of degree p® and of 
order p. Since G is transitive, it cannot transform any of these substitu- 
tions into itself. It must therefore transform all of them into complete 
sets of conjugates under G such that each of these sets is composed of 
more than one substitution. As the total number of these substitutions is 
prime to p, at least one of these sets of conjugates involves a number m 
of substitutions, where m is prime to p. : 

Each of these m substitutions is transformed into itself by a subgroup of 
G whose order is g/m, where m > 1. Hence G contains a subgroup whose 
order is divisible by p*. If this subgroup is of order p*, our theorem is 
established. If it is not of this order, we have reduced our problem to 
that of a smaller group whose order is divisible by p*. In case Sylow’s 
theorem were not universally true it would clearly be possible to find a 
smallest group G for which it would not be satisfied. As the preceding 
considerations establish the fact that such a smallest group does not exist 
these considerations constitute a proof of Sylow’s theorem. 

The main elements which enter into the above proof, besides the given 
theorem, are the facts that every group of finite order can be represented 
as a regular substitution group, and that the total number of substitutions 
of a group which transform into itself any one of a system of more than 
one conjugates under this group constitute a subgroup whose index under 
this group is equal to the number of these conjugates. Both of these 
very elementary theorems were known long before Sylow’s theorem was 
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first proved. As the proof of the italicized theorem is also based upon 
very elementary considerations the present proof is elementary as well as 
brief. It is not affected by the fact that G may be abelian or non- 
abelian. 

For the sake of completeness it may be desirable to add that the 
italicized theorem mentioned above is 4 special case of the following: 
A necessary and sufficient condition that the number of the substitutions of 
degree p® and of order p in the symmetric group of degree n is divisible by p 
is that the coefficient of p® is zero if n 1s written in the form agp™ + arp” 
+--+ +m, where the coefficients a, di, ---, Gm are integers less than p 
and either positive or zero. ‘The proof of this theorem is similar to that of 
the special case given above. In the proof of Sylow’s theorem we can 
evidently select for s any substitution of degree p? and of order p such 
that the number of all its conjugates under the symmetric group of degree 
n is prime to p. 
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NON-LINEAR INTEGRAL EQUATIONS OF THE 
VOLTERRA TYPE. 


By Hata GALAJIKIAN. 


Introduction. 


An existence theorem concerning the non-linear integral equation of 
the Volterra type 


w(a) = o(2) + [fle 4 wld 


was first given by T. Lalesco,* using the method of successive approxima- 
tions after Picard. In 1911 this same equation was considered by the 
author,{ independently of T. Lalesco’s work. While the general plan of 
treatment was the same, the region of existence was made less restricted 
by the introduction of a curved boundary in place of the rectangular 
one used by T. Lalesco; also a new method for proving the uniqueness of 
the solution was introduced. The author also established existence the- 
orems for the equation of more general type 


stay = a} 2, [ “Wien, wh i ieee u(dldt f, 


the method used, that of successive approximations, applying to a system 
of n such equations with m arguments involving nm unknown functions. 

It is evident that the value of a theorem of this sort is considerably 
increased by the weakening of the conditions imposed on the functions 
involved and by increasing the size of intervals in which these conditions 
must hold. Hence, in the first part of this paper, the set of integral 
equations, mentioned above, is considered, and followed by an effort at 
an improvement of the existence theorems so far given by widening the 
interval in which the existence of solution has been established. 

It may be that in certain cases it is not only required to know whether 
or not a solution exists, but whether or not the solution has derivatives; 
and this naturally comprises the question of continuity. Hence the 
purpose of the main body of this paper is two-fold. First, it is to show that 





* Journal de Mathématiques, series 6, vol. 4 (1908), p. 165. 
+ Master’s thesis, Cornell University, 1912; cf. Bulletin of American Mathematical Society, 
vol. 19 (1912), pp. 342-346. 
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the solutions given by the existence theorems will, under certain condi- 
tions, be continuous functions of both upper and lower limits of the 
integral arguments appearing in the equations. In other words, it is to 
show that under the conditions of the problems no discontinuous solution 
may exist. Secondly, it is to show the existence of first derivatives with 
respect to the upper and lower limits of integration, in other words with 
respect to the arguments of the unknown function. Here the methods 
used necessitate the introduction of such additional conditions as con- 
tinuity and existence of certain of the partial derivatives of the functions 
involved in the equations treated. 

The methods used throughout the paper are very simple and straight- 
forward. The establishment of the first derivative of the solution with 
respect to the upper limit of integration is accomplished in a truly ele- 
mentary way, void of all difficulties. However, the study of the first 
derivative of the solution, with respect to the lower limit of integration, 
necessitates the proof of the existence of a unique solution of an integral 
equation of a more general type than heretofore considered. 

The third part of the paper is devoted to the study of this general 
non-linear integral equation, under restrictions very similar to those 
assumed in theorems given in the first part of the paper. 

A short section is added at the end to show how the question of first 
derivatives may successfully be extended to derivatives of any order 
whatever. 

As the forms and lengths of the equations treated are rather cumber- 
some in certain sections, a notation has been introduced, which, although 
not claimed to be perfect, does simplify the work to a considerable extent. 
In what follows an integral equation of the type 


VA Gis AOE) {2 J file t, u(t, xo)|d vy J fale 6 NE 2o)|ae | 


will be denoted by the equation 


u(x, eo) = (x, [x, t; ul]. 


The absence of the star over the second bracket indicates that there is 
only one argument, in the function g, of the form 


[fle 4 ul, coat 


The presence of the star shall mean that the process involved is absolutely 
the same for any finite number of arguments as for one, and the expression 
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represents the sum of a number of terms similar to the one written. 
Partial derivatives will be denoted by the symbols 


@l-++-] and @l--@l---Il- 


In order to avoid all possibilities of confusion, we cite here an example 
from page 183 of the paper. ‘There we have the expression 


x 


3 x * x+k * 
(2) |X os 6k, [z, t : ul AP 0 {lx ai k, i : ul sais [x, t } ul}] 


1 x x+k # Ls i 


+ ole +h, t; u—{[e,t3 up] 


which written out in full for two arguments 21, v2 would be 


if xz + Ok, [ fle t, u(t, %o)|dé + 6 | {fle +k, t, u(t, £o)|dt 


%0 


— f fae, t, ule, eat |, [ fle, ue, Xo) \dt 


+ 6 | [fete + k, t, u(t, vo)|dt — | fet0 t, u(t, es)]ae | 


Zo 


+7] f fle +b 4 we, aide — [fle, & ue, edlat| - 9442+ a 
J fie, tut, colar + 0] [fale + bt ule, eo) 

— f fle, su cole |, [ fale, t, wl ae) 

+o f file +h, t ult, a)]dt — Ir ‘file, t ult, eo) | 


%O 


1 x+k 0 
+7] fo fle + bt ul 2olat — ffale, 4, ut, xolat | 


X gv, {similar terms as in g,,}. 


This example will show the advantage of the notation. 
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1. The System of Integral Equations 


Uri(a, Lo) aia ae, [z, Ge U1, U2, °°", Un], 
(1) Uo(2, Lo) or a Es [z, tS; U1, U2, °°, Unil, 
7) 
Un(2, Lo) = AED [x, t | U1, U2, * °°, Un||. 
THEOREM. Let 1[x, 01, ---, Uml, «++, "[%, 01, +++, Um] be continuous and 
satisfy Lipschitz conditions for the arguments v1, V2, +++, Um, namely 
Mey Vite ya.1- He nt Um atl dine UlsGuty gee) Um | =a ME | wx | 
[IN 
@ = 1,2, --- n), 
in the region |x — xo| Sa, |r| = 8, |vo| SB, ---, |um| SB. Let [z, t; 
Ui, U2, ***, Un| be continuous functions, and satisfy Lipschitz conditions for 
the arguments, U1, U2, -* +, Un, namely 
ila, by U1 ae Vi, U2 1 Voy ean aen an Vn bcd [x, by; U1, Ua, °° ', Un] | = Boe ly; | 
t=! 
in the region |x — %| Sa, |t — %| Sa, ju; — ‘[x, 0, 0, ---, O]] = 7, 
(( = 1, 2, ---, n); furthermore let 
he Te Can We Wee On GT eee 


Then if p satisfies the conditions: 


YY 
mAM’ 





= 


p =a, p= M”’ 
there exists, in the interval |x — 2| S p, one and only one system of con- 
tinuous functions, 

U1(X, Xo), U2(X, Xo), sei) Un(X, Lo), 


satisfying the system of integral HOUT any 
Define the functions 


Uio(X, Xo) = *[z, 0, 0, «++, O] (@ = 1, 2, -+-, n] 
(2) 


Uik(X, Lo) = *[2, [ax, i 5 Uin—1, Uer—1, °° °, Unz—ii] 
(7 a iN 2, oe 7h), (k a it 2, vee), 


It is easily seen that at each stage of the approximation the conditions 
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|win(a, 0) ie (2, 0, 0, Se, 0]| =%7 (2 Pa 1, 2, see ES, nN), 


ike. t » Uik, U2ky °°"; Unt] | =p (I ra te 2, Sale 


21) 


are satisfied when |x — 2 | = p, and hence the next following set of 
approximation will have a meaning. Evidently each w,,(a, xo) is contin- 
uous for |x — x| S p. 

We shall prove that the sequences 


Urn(X, Xo), UrK(X, Lo), FBG, Unk(XL, Lo); 
approach, uniformly, the limits 
(Thiet Pome EY ity. 40250). 2g Uy\ Ceety) - 
To this end we write, 


UWinlX, Lo) —" Uaper ee) = aU eet, os 





so that 
Uin (2, Xo) = Uj0(X, Xo) ae CEG. Xo) ee eats Dogs. Xo), 
(2 = i 2, a ON (k = i 2, <7) 
The Lipschitz conditions on *[x, v1, v2, +--+, Un] and [x, eel aeatlowere 40 tLs | 
give US, 
AB 
[Ui (a, Ch = sift» s Roby. i(Z, 2s) |dt 


2 = (Lee at 





i yD | U ix—2(tr, Xo) dt, 


I ‘0 i= 
(3 { 
% % 
ba n 


mn IA k-1B [pAl I 
nes 
x 
t 




















ne n 








a 





ii(tx—1, Vo) |dtyi|--- a 


m'nt§A* BF 
= Ea otes 2. SS Sa ee 


nB iL 


k 
< (=) | | when |% — %o| S p. 


Hl I ten ey cee a 


e Xo 
[ 
e’Xo 


Jas 




















Since the series of constants 





so | ee | 


converges, we see that the series 
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Uio(X, Lo) 4 Uae, Bo). + OCA) ae Pod ne MUA Ae ae rcK 
converge uniformly, |* — x| = p; if we represent their values by 


Ur(2, Xo); Us(x, Xo); rege, Wakes Xo), 
we have 


Lim Ui Cer oe oil 2, Lp), res, Lim Vie S| ai ARN TE Cony 
5 00 (= 00 


uniformly, |~ — %o| = p. By reference to (2) we see that these limits 
satisfy the system (1). 

That there is only one such set of continuous functions, satisfying the 
system (1), may be seen as follows. Suppose there were two sets of con- 
tinuous functions w;(@, x) and 2;(x, Xo) satisfying the set (1), and put 


Uj Ceo le Se (0, Loe eet ea le 


If we now write the set of equations (1) for u,(x, xo) and 2;(w, x), and 
subtract, we see from conditions on the functions *[%, 01, v2, +--+, Um 


* 


ONG Jae, TAO OV eecncecn ed Baarlabene 


(3) iG, a) = mAB i] be ae Keb 





») 


and if we write |w;(x, 20)| = W, we have by successive applications of (3) 


(x — 20)? 


| w;(a12)| = mnABW |x — 2), lw:(x, £o)| = mn? A? BW ON eaen? 


and in general 





[mn ABlx — x0|]* 


|w s(x, Lo) | == 116 k! 


The expression on the right has the limit zero as k becomes infinite, there- 
fore 
Maan, ey) = AG p or TGR, aay) CS EAC 


2. Removal of the condition 


ry 
MAM ° 





It — (So) pS 


In the preceeding article the existence of a set of continuous functions, 
satisfying the given set of integral equations, was shown in a region smaller 
than the one in which continuity and the Lipschitz conditions were 


* 


imposed on the functions *[7, 11, v2, ---, Um] and [z, t; ui, Ue, -°+, Uni. 
More particularly, we had 





B 
Peas! = 7h p=a, P= 77 P=7AM: 
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The removal of any one of these condition, on our interval, will un- 
doubtedly add to the value of the theorem. The third of the conditions 
on p may be removed by a simple procedure, depending on the part of the 
existence theorem of the above section dealing with the uniqueness of the 
solution. As this condition for a system of equations of the type (1) is 
identically the same as for one equation of the form 


ula, Xo) ae [z, [a, i: ull, 


%0 


and as the argument employed is identically the same as for an equation 


u(x, Xo) ar [z, [x, b ull, 
where the third condition on p is 
athe 
p =AmM? 


we shall treat this last equation here. 
Let the line PQ represent the interval 


lz — 2| = min ( a, n> 
and subdivide this line so that 











In any one of the subintervals |z, — a,1| = y/AM a solution of 


u(x, Lo) or [z, [z, t ; ul] 


exists and is unique. Let us call w(x, x) the solution of 
w(x, Lo) ei [x, [z, t ud], 


for |x — a| = 2% — 2; it exists and is unique. Now consider 


(1) u(x, a) = (a, (2, t - uy] + [2, i ve? | eal eel: L; yO]]D 


wy Ho) 
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an integral equation whose solution exists for |~ — a| S a1 — 2, and is 
unique, for 
ewes tS? fart ol eA 


and for a small enough subinterval 
NE IED bey = ies 
or 
jv] = 8 — M(x; — 2), 
and 
lv — w| Sa, br pd ea can 
This may be seen from the approximations 


Uo (x, Lo) = [x, 0], 


x 
Ug Neb Lo) a (x, [a be; Upey 
xy 


where 
|[x, t ; u,] | = 6 ie M(x. Bigs Xo), 


Ob 
M |x — 21| =p —-— M (x ae Xo); 


which is evidently true for 7; =v =. and consequently also for 2» 
= 2 = 1%, and we also have 


at, (x, Lo) a. [x, 0) | = 7. 


Suppose now % < x < %, then 


ue, a) = (x, [e, tu] = (x, fe, £34] + (x, 2; wO] = [ay fe, £5 vO]. 


Xo 


Therefore w°(a, 2) is a solution of (1) for 7 <x < x;. But the solution 
of (1) is unique for |v — a| S (a1 — 2); it follows therefore that 


1 Ey ent (acy etOli Up 2 US 21. 


Therefore there is one and only one solution of our original integral 
equation in the extended interval (a, 6). Continuing this process, we 
extend this solution to the interval PQ. 


3. Continuity of the Solution. 


THEOREM: Given the integral equation 


(1) u(x, to) = [x, {x,t ; w(t, vo)]]; 
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let [x, V1, V2, +++, Um] be continuous and satisfy for all its arguments* the 
Lipschitz conditions 


|[x = Mo, V1 ae M1, V2 te peer Sys 2) Uitte! rams Ee DY aU 2) as Vm | = AQT| mn 


in, the region |x ="2o| ==, 0%) = Bye et ee Un | == 02 eet iz, t; ul 
be continuous functions, and let them satisfy, for the arguments x and u, the 
Lipschitz conditions, 


ix + 4, tw + a] — fe, & ul] = Bila] + |nl}, 
in the region |x — Xo| =a, |t — %| Sa, |u — [2,0,---,0]| Sy. Further- 
more let 

\[z, #5 | = M. 


Then if there is any solution whatever, in the interval |x — x| = a, it 
is continuous in x and x. In particular, then, the unique solution of the 
equation (1) in |x — a | = p, p = min (a, 8/M), is continuous in x and 
xo in this reduced interval. This also applies to the set of solutions of 
the system of equations of § I. 

We want to show that, given a positive number e, however small, we 
can make the absolute value of the difference 


ula + kh, x) + h) — ula, Xo) 


become and remain less than e, by choosing |k| and |h| small enough. 
Write 


Gere Mey Sty ody) Gat ON dea) 
“Ss { |u(a ae k, Xo + h) +i u(x, XO =P h)| ar |u(a, Xo + h)—u(z, to) |}, 


the two parts of which may be made to become and remain less than ¢/2, 
respectively, for |k| and |h| small enough. 
To this end we call 


Ur(2, 0) oy [z, Ie, y ; ult Lo + A)Ii, 
u(x, 0) = (x, |x, t; w(t, oll 


and i: 
AG) 1 AGH ap) iG iy. 


Breaking up (2) into its two parts we have, 


* Notice here that an additional Lipschitz condition on the argument x is necessary whereas 
that was not at all necessary for the existence theorem in the form it appears in in this paper. 
See Bulletin of the American Mathematical Society, vol. 19 (1912), p. 345. 
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lu(a + k, a +h) — ula, wo + h)| 
a % a+k 
= |e +h, fe +h, t; 


Url] pe [a, (x, t ; url]; 


ash eee 
(b)—|uu(a, 0 + 8) — (a, 20)| = IIe, fa, #3 ral] — Ex, fe, ¢ 5 ull 
Taking (a) we have 


ju(a + k, ao +h) — ula, to + h)| 


x Ue * x+k % x 
=|[e+h fo+kt; ultie+%e; wll — b fet; ull, 
which, because of the Lipschitz condition on [z, v1, --+, Uml, is 


: x : x ee x+k 
SAflh| + lle +h t5 ws) — [a t5 wll + le + et 5 wll} 


= A||k| + 





fic te +k, t; ui] — [x, t; ul lat +f Ite + ke, t; uil|de , 


which, because of the Lipschitz condition on [z, t; ul], is 
= A{ |k| + mB\n\| f a ar mM kf 
Loth 


= A{|k| + mBl|k(@ — x — h)| + mM |k|} = Alk| {1 + mBa+ mM}, 


where 
lc —2 —h| =a. 


Calling now A{1l + mBa + mM |} = P, where P is a finite constant, we 
get 
ju(a +k, a +h) — ula, xo + h)| = Pik. 


Treating (b) in the same manner, we have 


(x, o)| = IIx, fx, ¢ 3 wul] — fe, fe, #5 all 
= |[x, t,t; wl —ie,t; wll — be, bet 3 ll 


xo x0 


=A] J te t; ui] — (2, ts allae) +) [Ike us ula} 





IIA 


A | mB f ela + mM |h| = Alw(a, 2%o)|+ ulAl, 
where 
APS SLAs: MAM =u, ff 2(berg) |b — 102," Lo). 


Thus we have the differential inequality 
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|w’ (x, 0) | = A|w(2, 0) | ah pl, 
from which follows* that w(a, x) satisfies the MEO AGS 


ate 


|w(a, 2o)| = |w(xo, 20) |e? + (eX — 1), 


However, ; 
W(Xo, Xo) mo 0, 
therefore 


jeo(e, Z0)| = [hl (eI — 1), 
and finally from 


w'(%, Xo) = He %o)| S Alw(a, Lo)| + whl. 
we have 
2%, %o) seinen 


Combining this with the result of (a), we have 
lu(a + k, a +h) — ula, x)| < «, 
for |k| and |h| sufficiently small. 


4. First Partial Derivatives of the Solution. 


THEOREM: Given the integral equation 


of 


(1) u(2, Lo) a [z, [z, t ull; 

let [x, U1, V2, +**, Um] be continuous and satisfy Lipschitz conditions for the 
ANGUMeENIS Vi,. V2, ++ *5 Um, in the region, te— oj) Cee ey es 
lUm| = 6. Let the first partial derivatives of [x, v1, V2, +++, Um| with respect 


to all its arguments exist and be continuous. Let [x, t; ul] be continuous 
functions and satisfy Lipschitz conditions for the argument u in the region 
lz — 2| = ax, |t — %| Sa, |u — [x, 1, +++, Um]| Sy. Let the first partial 
derivatives of |x, t; u] with respect to arguments x and u exist and be con- 
tinuous vn the same region. Furthermore let 


liz, ¢; u]| = M, 
and 
\[x, fx, t; ul ie aVe 


Then tf p = a, p = B/M, the unique solution of (1) has first derivatives 
with respect to x and 2o.T 





* See for instance Bliss, Princeton Colloquium (1909), p. 88. 

+ It may be observed that the conditions, required for the existence of the first partial de- 
rivative with respect to x alone, are very much weaker than the ones stated above for both partial 
derivatives. 
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We want to show the existence of the following limits 





(a) | Lim fe + k, — u(x, Xo) i 
and * 


Taking (a) first, we have 





? = a x+k x 
ula + ey Ue, to File + hk, Iz +k,t; ul| — in [ae 


x0 


1 * x * e+k 
=z ile +k, [e+ k,t;ul + ie +k,t; ull — fe, [a ¢; ull}, 
which, by the laws of the mean for differentials and integrals, becomes 


ale + ok, fe, t: ul toile +h t; ul —[ets ui 


% 


1 ere ix, t; 
+7 ile +h, t; ul — (x,t; Wemle + oh, fx, £3 ul 


+ {fe +, 65 ul — fe, 03 alll = ele + of, be, 5 


* 


+ offe +h, tiul ay t; ul elec, C5 ul} 


x9 x9 


UN} wml ris 6k, (x, t } ul 


; 
x 


+5 ile +k, ta) — be, thal + fe +8, ¢ 


* a * x * x+k 
+ 6{[x +k, t; ul — (x,t; ul + [we +k, t; ul3l, 


and 





u(x + k, = U(@, %o) _ ee + 6k, fx, t; u] + kOf@le + Ok, t ; ul 


+ fe +k, x + Ok, ule + Gok, 20))}] + lente + Ork, t 5 ul 


* * 


+ fx +h, x + 62k, ule + bak, ro)]} > mle + Oh, bx, t 5 ul 


x0 


++ KO { cey{x + 6ik,¢;u] + [x +k, x + Ook, ula + 02k, Xo)]}], 
where 0, 61, 92 are positive proper fractions. Passing to the limit, we have 


Ou(x, Xo) 


ax = (ayes [x, b ull a { @)[2, b ul = [z, uv, Uz, Xo)]} ‘ eles [x, b ul]. 
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Again we have, 
mace =F tle, ba, #5 lt, eo + AN — Le fe, 3 all 
= 7 lhe, 05 wlt, wo + W)) — be ted — fe OS ult, a + WN 
X owl, fe, t5 wl+otte, ¢5 ult, e+ h)]—fe, 3 ul — fe, a u(t, eo+h)]}] 
=4 I "aol, £5 u(t, 2 + Osh) (ult, ato + h) — ult, 20))at 
— hfx, xo + bah, u(xo + Osh, to + O1h)] - w(t, (2, tu 
+64 [ ol MRO CHICO, Ge SEI) — as cael 


== hia, Lost Ooh, U(Xo + 62h, Xo + 0,h)| I 
' and taking the limit of both sides, we have 


Lim |“ to th) — ula, =o | 


h 
= tf Lx, 85a Lim| “+4 =) | a 
oA b Att) Lee C3 als h 


— [x L0, 0] teal (x, LG ul]. 


h=0 





Assuming that the limit, appearing on either side, exists, and denoting 
it by 
du(x, Zo) 


Aes, 2) ae dX ’ 


we have 


w(a, vo) = — f 2(a, Bak, 


and substituting above, we have 


ye, m) =| A (e th [ ede ) z(t, m) | 
— [x, Xo, 0] I . ole le, ie [ jas |, 


which is an integral equation of a type not considered heretofore. 
Now if the assumption about the limit of 
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ula, Xo = h) Maes U(x, Xo) 
h ) 





as h becomes indefinitely small, is true, a formal integration of (1)!, with 
respect to 2, ought to lead us back to equation (1). If this does happen, 
then to make the theorem complete, we must prove the existence of a 
unique solution of (1)! under the conditions of the problem. But (1)!, as 
it stands, is the result of a formal differentiation of (1), with respect to 
xo, and we therefore proceed to the existence theorem of a unique solution 
of (1)! which we write in the more general form: 


* 


Nap aay (| ( a ij — {2 eas) | 
_ Iz, Xo, olf | i(« ‘3 - f 2 as) || ee oot ia le 


Define the functions 


(2) 


* 


Zo(a, 2) = Eo Loy es. 0, 0], 


Z1(%, Xo) = {[(- 5 - f ett ade ) 20 | — (2, Xo, olf 
x [o E 3 - f et pas | |, 


ed to. Sagi {[(- 5 - f eat eds | | ini ‘la, Xo, 0] 
x [faci f'n ae] 


9 


and such that 
[ zole, Dag = [ — tx, & Of, 0, Odg = [2, 0,0] of (A). 


It is evident that at each stage of the approximation the conditions 


—{ aa(c, e\dé fa lar, 0, 0] = v (n = Ib 2: mn oF 


x0 


and 
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* 


E t — fant ag | =p 


are satisfied for |x — xo| S p. 

We need to show the uniform convergence, toward a definite limit, of 
the above defined sequence of approximate expressions—a limit that will 
satisfy (2), as is evident from the mode of the approximations. 

To this end we write 





Zn(Z, Lo) = Snail, Doe eA techie a (70 = ee ries 
so that 


2, (0g) een Oe eee 2d Zz, Xo) Cas eg) 


Now if we let N be the larger of the maximum absolute values of 
lv, v1, +++, Uml; M, the larger of the maximum absolute values of 


l(c. t5—f enlt, Dat zn |, 
we have 
IZi(%, 0) | =" l21(a, Go) — Zot, Xo) = | | (=. bs — faut ede ) 2 | 
— (zx, Ce. 0} [a [. ti f ett as || —{- (2, xo, 0)|™[a, 0, O}} | 
= {[(« i — f alt eas) “| (2, Xo, Of ie [ 15 — fault as | | 
—{- [z, Xo, O}} [o. E t; — f ett ae | | 
= | { — (a, Xo, O]} [o E ‘3 - f at as] | —{— [x, Loni eas 0) 


={ [6 - fae 90e)=)/ [5 [3-048] 


ae leah [2 E ‘i — f entt az || — [x 0, 0) 


= mN?M|x — xo| + m?AM2(x — x) = m[N?M + mAM?||x — aol, 





which we call p|x2 — al. 
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Now 


- isa ss ou] |= {Ge fous oe 
peer 
-is a) ffs [a0 04]]- .. om) 
“nad : 5 fi 7 foe om) 
“(fo 5— fo a Peleg fae 04 ]] 
lest Lon ]- to i . oa] 
-[s ve Fai eee 
{j= 08).]]+|[fo14- feo 
{ 


(x, 03 - i ic ede) 2 | + m{NM |x —2|+ M}A 


[, ts -f Zi(t, eas | — [ ti — f ent as | 





[o fa, t- [at no oat 




















x 
|Z — Lo)? P, |x — 2)? 

SN Ue + {mN?B + m?(NM |e — 2| + M)AB} 31 

or 
Lees 3 

Zo(x, 2o)| = mMNP, 2 el a ee + m?MNAB|x — 20| ere 
Similarly it may be shown that 
IZ3(4, Xo) |S mMNP, 2% 4 ir +mMNAB\|xc — nol} PA 
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and in general 


Ze; Co) ear ages ai | te 


P,4|2 aoe ele 


n+l 








eee t+mMNAB\|x—<x9| 


where P,, is the quantity such that 


WAG yt) fee! 
Consequently, for 


ieee. p P,B p” 
[oer seis: iat pts mMN® + (AF + mMNABp ) os, 


so that 





bos Pee 
aa tf 





therefore, 
Taim2 5 (yee eee) 


uniformly, and this limit 2(2, 2) is a solution of (2). 
-That this solution is unique may be seen as follows. Suppose if 
possible there were two continuous solutions 2(z, 2) and 2’(x, vo) and call 


WE, Lo) eB, ee) eee en 
It is evident that w(x, xo) is limited. If we write 
|w(x, Xo) | = W, 


we can show, by methods similar to those used in the main body of the 
existence theorem, that 


lw(x, Xo)| = mM [ lz(t, 20) — 2’(t, eo) |ae 
(3) i 





+| 5p + ele — al] "few 9 - 26 alas) a 


P] 


where 
P=mMN? + m’?M?A and Q = m-MNAB. 


From (8) we have 
PB 
hacen & | man +7? |e — aol + Ole — volt | We at 


Substituting this last result in (8), we get 
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|w(x, Xo)| = mMN =| man W es lc — w| + QW\a — col 


xX—Xo!® 
sa sh an 


pe. ve 
ue je — %o| + QW Ia — xol? || mavae 5 2et 





+| "ir + Qe —20| || mun += aT |e — aol + QW — 








=| munw +57 


Ie = Lol 


+| 5p +Qle— aol} | S| man + FF le — 


+ Q\x - 2p | Heat 


Repeating this process, we have 





3 W |x — 2/8 
lw(a, Xo) | =| P| eat 
and in general, 
nw = n 
|w(x, o)| =| oP | He an 





But the expression on the right has the limit zero as n becomes indefinitely 
large. Therefore there is one and only one solution of (2) and HSH of 
(1)? under the conditions of the problem. 


5. The Integral Equation 


VAG a Ui { 2, [a | t, [ eds | ult Xo) de, 


(1) : 
I I fal 2 t, { u(t, eas | ul, Xo) dt . 
=O % 
THEOREM: Let g{x, 01, v2, +++, Um} be continuous and satisfy, for its 
arguments 01, V2, +++, Um, the Lipschitz condition 


lg {z, V1 + M1, Ve sine. ee ee cta Lon} aa Ts URLS Ss bee Um }| = A 2 |pe| 


in the region |x — %| Sa, |vi| = 8, |vo| SB, ---, |Ym| SB; furthermore let 
giz, U1, 2, +--, Um} | SN. 


Let filx, t, 6], fola, t, 0], ---, fmlx, t, 0] be continuous and satisfy, for the ar- 
gument 0, the Lipschitz conditions 


Wale, 8 - vie— fra; ied [ieee y) (A = 1, 2, “++, ™M), 
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in the region |x — | Sa, lt — al Sa, |u — g{x, 0, 0, ---, O}} S7; 
furthermore let 
|felx, t, 6] | eae (kh = ins 7a “++, M). 
Then rf p satisfies the conditions 


Dea ena 
) MN’ 


there exists, in |x — %o| = p, one and only one continuous solution of the 
equation (1). | 
Let us write (1) in the form 


(1)! u(x, xo) = [x, [(a, 13 Du). 


Define 
U(X, Xo) a (x, 0, 0, Fate ts) 0}, 


us(x, avo) = (x, [(@, t ; Do)uel], 


| 


Un(@, %0) = [a [(x, £; Dn—s)Un-all, 


where the conditions 


WA Xo) Pt [z, 0, 0, rere, 0] = 7 
and 


(a, t ; Da) ttl| =p (n 7 i y. Ke. ) 


are satisfied as may easily be seen by methods similar to those used in 
previous sections. ‘Thus each successive approximation is justified. 

To show the uniform convergence of the sequence of functions, defined 
above, to a definite limit which is, as seen by the forms of the approxi- 
mations, a solution of the equation (1)! or (1), we write, 


Un (2, Xo) a Uae Xo) a AGE Zo) (n = 1, 2, de oF 
so that 


Un(2, Go) ==" Uo, wo) + UG (a, 0) ee EO ao) le ee 
We have | | 


* Notice that the condition p = y/mAMN is not introduced here, since it may be removed 
as in section 2. 


NON-LINEAR INTEGRAL EQUATIONS OF THE VOLTERRA TYPE. 191 
oy = dea — 29 


Oe |[x, l(a, i j Dial] == ikea [(a, L; ; Ds)uell 


=A ice i ; Diy] — [(x, ms ; D1) o]| 
+ ll@ ¢3 Diu — [@, £3 DoDal} 
<A ile |[ur(t, 20) — wo(t, xo) ][x, £3 Dal at 
+f nT re Dalat} 
= mAMN 2 Ml ty + BN|x — xol], 
\U3| = mAsMN 2 Bl [M + BN |x — aol], 


ee ea: on 
Oa SATE MN rors 9 ce | 0 + BN\|x — xo|]"", 


and the series 
Uy + mAMNp + mA*MN 5 iM + BNp| + -:-: 
+ m-A"MN © [M + Bp] + +» 


being obviously convergent, we have 
Lim u,(&, %o) = u(x, Xo) 
uniformly for |z — 2| = p. This limit evidently satisfies (1)! and (1). 


That there is only one such solution may be seen as follows. Suppose 
there were two, u(x, 2) and v(x, 2%), and call the difference 


LD Caen lee ey lee, Lo) 


|w (x, 0) | = We 


Then 


and we have 
We eo) = at (a, i; | Diu] = (2, uy _Ds)ud|) 


3 


A{\[(@, b ; Ds) — {(@, bs ; D,)d]| 


+ If, #5 Diol — [@, ¢5 Deol}, 
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where 
t it 
Dis Hl u(t, E)dé and Dy = { v(t, &)dé. 
Finally we have 


(a, ae)! = AfmM) [jw ed |ae) + mBN| [| [jw s)|ae| at | 
(a) 0 lox 
; = A{mMW\z — 2o| + mvBw-2— ol | 


substituting this last result in (a) we have 


= 2 a 3 
jw(a, 20)| = marry Pol ns 2m AP MBN W BE 


Lo 


— 4 


~ la = By 
= m?A?W SRO). Be 
Repeating this process, we get 


Ke == ay 
n! 


Cs Oo es De [M + NB|x — all, 


which, as n becomes indefinitely large, approaches zero as a limit, therefore | 
w(x, %) = 0. Consequently 


U(X, Xo) = z(x, Xo). 
PRINCETON UNIVERSITY 


ON SOME GENERAL THEOREMS CONCERNING ORDINARY 
CLOSED CURVES.* 


By ARNOLD Emcu. 


In an article which appeared in the Rendiconti del Circolo Matematico 
di Palermof it is proved analytically that every closed analytic curve, 
without any other singularities than a finite number of inflexions, has an 
even number of inflexions and admits of an even number of tangents 
parallel to any given direction. The proofs of these theorems are based 
upon the coperiodicity of the parametric representations of such curves. 

The method, these results and others, may be extended to any closed 
analytic curve without rectilinear segments and with a finite number of 
singularities of an algebraic character. 

1. Theorems on Periodic Functions. To prove the more general 
theorems I shall make use of the following simple propositions on functions 
of a real variable: 

THEOREM I. Given a real periodic function u = F(t) of the real variable 
t with the primitive period interval O = t < w, which is uniform and contin- 
uous for all values of t in the interval, except for a finite number v of values 
ti, te, tz, +++, te, «++, t,, for which wu becomes infinite in such a manner that 
when ¢ is an arbitrarily small positive real number, 


lim F(t, — e) and lim F(t, + e) 
e—0 €—=0 


become one + ©, the other — o. Assume furthermore that u within the 
period-interval vanishes for a finite number pw of values of t. Under these 
conditions v + uw ts an even number. When v = 0, 2. e. when u does not 
become infinite within the period-interval, then u, the number of roots, when 
jinite, vs even. 

There is no loss in generality in the assumption of single zeros for u, 
Vay pias AO Ye he DAA oe ie, 

THEOREM 2. Assume again a function G(t) as defined above, but without 
infinities within the period-interval; moreover that the derivatives of G(t) are 
functions of the same type as G(t). Then every derivative of G(t) 1s coperi- 
odic with G(t). and has at least two, and generally an even number of roots. 

* Read before the American Mathematical Society at Chicago, Dec. 28, 1914. 


tT Vol. 88 (1914), pp. 180-184. 
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2. Definition of a Closed Curve. Any closed curve may be repre- 
sented parametrically in the form | 


(1) x= $(t), y = vd), 


where ¢(t) and y(t) are uniform, continuous real functions for all values 
of the real parameter ¢, and with the same period w.* It is moreover 
assumed that the curve has a continuous and uniform tangent for a con- 
tinuous and uniform change of the parameter. The system of Cartesian 
coordinates (x, y) may always be chosen in such a manner, that the tangent 
at no singular point becomes parallel to either codrdinate axis, and that 
¢(t) and y(t) and all their derivatives are functions with the properties 
stated in Theorem 2. In the definition of the closed curve (1) we exclude 
rectilinear segments, and admit only ares with singularities of an algebraic 
type, which shall be finite in number. Such a curve is called an ordinary 
closed curve. 

3. Tangents From a Point to an Ordinary Closed Curve. Take any 
point (21, yi) in the plane of the curve as defined, and not on the curve. 
The equation of the tangent at the point (x, y) of the curve is 


d 
n—y = Ge(é—2), 


€ and 7 denoting current coédrdinates. The condition that the tangent 
shall pass through (7, 41) is, by substituting for vz and y their parametric 
expressions and reducing, 


2) fo) — a ® ~ we — wd S = 0. 


The left-hand member of this equation is evidently a function of the 
type G(t) as defined in Theorem 2, and vanishes therefore for no value or an 
even number of values of ¢ within the period-interval. It is known that 
the values of ¢ for which ¢’(¢) and w’(¢) vanish simultaneously define the 
cusps of the curve. These are therefore contained among the roots of (2). 
All the other roots determine proper tangents. A tangent at a point 
determined by a multiple root must be counted as often as the degree of 
multiplicity indicates. Thus, counting multiplicities properly, we have 

THEOREM 3. The number of tangents from a fixed point to an ordinary 
closed curve and vts cusps is even, including, by definition, zero as an even 
number. 

When there are no cusps, then the number of tangents is even. When 
(v1, yi) is on the curve, the tangent at this point must be counted twice; 


* See W. F. Osgood, Lehrbuch der Funktionentheorie, vol. I, 2d edition, pp. 140-150. 
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likewise, when the tangent through (a, yi) is an inflectional tangent. <A 
proper double-tangent through (21, y;) is determined by two distinct values 
t, and ta, and must, of course, be counted twice. — 

4. Inflexions and Cusps of Ordinary Closed Curves. Consider the 
function of t, formed from the parametric expressions of the curve (1), 








Uu 
Wee aa 
where 
EE Es ‘a (Ge) 
US de dx’ dt? mages 


The curve has inflexions for those values of t for which W vanishes. It is 
evident that u, v, W are all coperiodic with ¢(¢) and y(t). As the latter and 
all their derivatives remain finite for all values of ¢, u can become infinite 
only when dy/dx becomes infinite. This will be the case when dxz/dt = 0, 
dy/dt + 0, simultaneously. Hence, for such values ¢ = t,, for which this 
is the case, |w| = + o, and the curve has tangents parallel to the y-axis. 
In the neighborhood of such a point, as ¢ increases continuously from 
t, —e to t, +e, dy/dv changes abruptly from + © to = ~, while d?x/dt? 
and d?y/dé? remain finite. For all other values of ¢, different from ¢,, wu is 
finite and continuous. vw is therefore exactly a function as defined under 
_ Theorem 1, and admits therefore of an even number 


2k =pwt+p 


of zeros and infinities within the period interval, as specified. Points 
where we have W = o, and dy/dx + o are defined as cusps. These are 
distinguished as cusps of the first kind, in the neighborhood of which 
d’y /dx? changes signs; and cusps of the second kind, in the neighborhood of 
which d?y/dx? does not change sign. As v is always positive, u, which 
remains finite, must change signs in case of a cusp of the first kind. In 
other words the cusps of the first kind are determined by a part c; of the 
number of roots of w= 0. Thus, the condition for a cusp of the first 
kind may be briefly stated by u = 0, dz/dt = 0. The remaining number 
7 of roots of u = 0 determines the number of inflexions (wu = 0, dx/dt + 0). 
The number of roots of wu is therefore made up of c; and 2, or uw = 7+ C1, 
so that according to Theorem 1 


(3) 2k =i~+eat+p. 
Hence 
THEOREM 4. The number of tangents parallel to a given dvrection, 
inflextons and cusps of the first kind of an ordinary closed curve vs even. 
When such tangents occur at cusps of the second kind, they must be 
included in this number. 
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In case of a cusp of the second kind, wu + 0 and finite, and da/dt = 
The number c, of cusps of the second kind is contained in the number 2n 
of roots of v = 0, or dx/dt = 0, which, since ¢’(é) is a periodic function as 
described under Theorem 2, is even. The number 2n is composed of the 
number v of tangents parallel to the y-axis, the numbers c; and Cz of cusps 
of the first and second kind; 1. e., 


(4) 2n=aq+o+». 
From (4) and (8) follows 
(5) t+oe =2n+k—v—c), 


which is an even number. Hence 

THEOREM 5. An ordinary closed curve has an even number of inflexions 
and cusps of the second kind. 

Subtracting (4) from (3), we get 


(6) i — c. = 2(k — n), 
an even number. Hence 

THEOREM 6. The difference between the number of rnflexions and the 
number of cusps of the second kind of an ordinary closed curve is even. 

5. Algebraic Curves. When the closed curve is a complete irreducible 
algebraic curve, then its order is even and the theorem on inflexions 
follows immediately from Pliicker’s formulas. Denoting by 2a, N, 2, d, 
r, order, class, number of inflexions (including cusps of the second kind), 
double-points, cusps, we have 


= 6a(2a — 2) — 6d — 87, 
an even number of inflexions. For the class N we have 
N = 2a(2a — 1) — 2d — 37, 


and ? a 
N +r = 2[aQa — 1) —d — 7], % 


which is even. Hence as found before, the number of cusps and tangents 
from a point to the curve is even.” 


UNIVERSITY OF ILLINOIS. 








* For other topological properties of closed curves see G. Landsberg: ‘‘ Beitrag zur Top. logie 
geschlossener Kurven mit Knotenpunkten und zur Kroneckerschen Charakteristikentheorie, fs 
Math. Annalen, vol. 70 (1911), pp. 563-579; in the same publication A. Kneser: ‘‘ Einige ‘allge- 
meine Sa&tze tiber die einfachsten Gestalten ebener Kurven,” vol. 41 (1893), pp. 347-376.  v. 
Staudt in his Geometrie der Lage, p. 113 (1847), gave a purely intuitional proof of the theorem 
that every closed curve has an even number of inflexions (defined in the sense of v. Staudt). 
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